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Zusammenfassung 
 

Photokatalyse ist eine umweltfreundliche und nachhaltige Methode, bei der sichtbares Licht zur 

Katalyse chemischer Reaktionen eingesetzt wird. Moderne Photokatalysatoren sind jedoch in ihrer 

Anwendung durch intrinsische Nachteile eingeschränkt. Homogene Katalysatoren sind oft schlecht zu 

recyceln, leiden unter Photobleaching und sind auf seltene Erdmetalle angewiesen. Heterogene 

Photokatalysatoren hingegen haben im Vergleich aufgrund einer schlechten Lichtdurchdringung und 

einem begrenzten Substrattransport einen geringeren Wirkungsgrad.  

Die Kombination von makromolekularen Strukturen mit niedermolekularen Photokatalysatoren ist ein 

Ansatz, um vorteilhafte Materialeigenschaften mit photokatalytischer Aktivität zu verbinden und die 

vorteilhaften Aspekte der homogenen und heterogenen Photokatalyse zu vereinen. 

Das übergeordnete Ziel dieser Arbeit war es, die Kombination von niedermolekularen 

Photokatalysatoren mit makromolekularen Strukturen zu untersuchen, um die vielseitige 

Anwendbarkeit der modernen Photokatalyse mit vorteilhaften Materialeigenschaften zu kombinieren. 

In dieser Arbeit wurden funktionalisierte metallfreie Photokatalysatoren, auf Grundlage von 

π-erweiterten Benzothiadiazol, kovalent mit makromolekulare Trägerstrukturen verbunden, um einen 

effizienten Photokatalysator zu entwickeln und die Auswirkungen des Materials auf die 

photokatalytischen Fähigkeiten zu analysieren. 

Insgesamt wurden drei Projekte durchgeführt, in denen zum einen ein Hydrogel mit hoher 

Lichtdurchlässigkeit sowie linearen Polymeren und Proteine mit niedermolekularen 

Photokatalysatoren kombiniert wurden, um neuartige makromolekulare Photokatalysatoren zu 

entwickeln.  

Polymere bieten eine ideale Trägerstruktur für Photokatalysatoren, da sie aufgrund der gewählten 

Monomere und Polymerisationsart eine große Bandbreite von Materialeigenschaften und möglicher 

Strukturen ermöglichen. Funktionalisierte Photokatalysatoren können mittels Copolymerisation in die 

gewünschten Polymere integriert werden, umso Materialeigenschaften mit Photokatalyse zu 

verbinden.  

Deswegen ist die Copolymerisation von Photokatalysatoren mit Trägermaterialien mittels RAFT, ATRP 

oder radikalische Polymerisation als neue Entwicklungsplattform für heterogene Photokatalysatoren 

von großem Interesse.  Dennoch ist wenig über die Wechselwirkung und den Einfluss des Comonomer 

auf die photokatalytische Effizienz bekannt. Im ersten Projekt wurde ein Vinyl-funktionalisierter 

Photokatalysator basierend auf Benzothiadiazol mit sieben verschiedenen Monomeren 

Methylmethacrylat (MMA), Styrol (S), Acrylnitril (AN), sowie Benzylmethacrylat (BMA), 

Hydroxyethylmethacrylat (HEMA), N,N-Dimethylaminoethylmethacrylat (DMAEMA) und  N,N-

Dimethylacrylamid (DMA) durch radikalische Polymerisation copolymerisiert. Die Copolymere 

Polymethylmethacrylat (PMMA-BT), Polystyrol (PS-BT), Polyacrylnitril (PAN-BT) zeigten signifikante 



3 
 

Verschiebungen in Absorption- und Emissionsspektra und wurden im Folgenden auf ihre Auswirkung 

auf die photokatalytische Effizienz und die photophysikalischen Eigenschaften zu untersuchen. Die 

Copolymere wurden mittels UV/Vis- und Fluoreszenzspektroskopie analysiert sowie die 

Fluoreszenzlebensdauer und Quantenausbeute ermittelt. Darüber hinaus wurden die optische 

Bandlücke und die HOMO/LUMO-Niveaus bestimmt und drei photokatalytische Reaktionen mittels 

kinetischer Messungen analysiert, wobei die photokatalytische Effizienz eine Abhängigkeit von dem 

gewählten Comonomer aufwies. Im direkten Vergleich zu MMA und AN besitzt Styrol als Comonomer 

einen positiven Effekt auf photophysikalische und photokatalytische Eigenschaften. Die 

Copolymerisation des Photokatalysators mit Styrol führt zu einer höheren Lebensdauer des 

angeregten Zustands, eine geringere Blauverschiebung und einer besseren photokatalytischen 

Aktivität.  

 

Die Effizienz von heterogene Photokatalysatoren ist in der Regel durch eine geringe Eindringtiefe des 

Lichts in das heterogene Material sowie durch Lichtstreuung an der Materialoberfläche begrenzt. 

Darüber hinaus verringert die begrenzte Substratdiffusion die Effizienz der photokatalytischen 

Materialien weiter. In einem zweiten Projekt wurde daher ein photokatalytisches Hydrogel auf der 

Grundlage eines lichtdurchlässigen Polymernetzwerks entwickelt. Das Hydrogel besaß eine hohe 

Durchlässigkeit für sichtbares Licht und quoll gleichzeitig in Wasser, wodurch die Eindringtiefe des 

Lichts in das Material verbessert wurde, während gleichzeitig die Substratdiffusion durch das 

gequollene Polymernetzwerk verbessert wird. Aufgrund der Materialeigenschaften wurde das 

Hydrogel zum Schadstoffabbau unter sichtbarem Licht eingesetzt, wobei die Substrate in das Hydrogel 

aufgenommen werden können bevor sie abgebaut werden. Die Funktionsfähigkeit und der mögliche 

Anwendungsbereich wurden durch die Photooxidation von Farbstoffen, organischen Sulfiden sowie 

die Reduktion von ChromVI und den Photoabbau von Glyphosat bewiesen. Darüber hinaus wurde in 

einem groß angelegten Experiment das Potenzial des Hydrogels durch den Photoabbau von Glyphosat 

im Halblitermaßstab bewiesen. 

 

Das letzte Projekt wurde in Zusammenarbeit mit der Gruppe von Dr. Jarvis an der Universität von 

Edinburgh durchgeführt. Das Design und die Entwicklung künstlicher metallfreier Photoenzyme zielt 

darauf ab, die Selektivität enzymatischer Reaktionen mit den Vorteilen moderner synthetischer 

Photokatalysatoren zu kombinieren. Dadurch wird die Abhängigkeit von Seltenerdmetallen verringert 

und gleichzeitig mildere Reaktionsbedingungen ermöglicht, was zu einem nachhaltigeren katalytischen 

System führt. Im letzten Kapitel wurde ein neuartiges künstliches Photoenzym erschaffen. Ein 

Photokatalysator basierend auf einem Iodoacetamid funktionalisierten Benzothiadiazol wurde in ein 

Steroidträgerprotein (SCP-2L) integriert. SCP-2L ist ein idealer Kandidat für den Einbau eines 

niedermolekularen Photokatalysatoren, da es über einen hydrophoben Tunnel verfügt, der die 

Substratbindung in wässrigen Medien erleichtert. Durch ortsspezifische Mutagenese wurden nicht-
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natives Cystein strategisch um den hydrophoben Tunnel herum platziert, wodurch drei SCP-2L-

Varianten entstanden. Der Photokatalysator wurde selektiv an drei Varianten gebunden und drei 

Photoenzyme wurden synthetisiert. Die Analyse des photophysikalischen Verhaltens mittels UV/Vis- 

und Fluoreszenzspektroskopie sowie die kinetischen Messungen einer photokatalytischen Reaktion 

zeigten Unterschiede in der Reaktivität in Abhängigkeit von der Bindungsposition auf. 
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Abstract 
 

Photocatalysis is an environmentally friendly, sustainable method that uses visible light irradiation to 

catalyze chemical reactions. However, the application of modern photocatalysts is often limited by 

their intrinsic drawbacks. Homogeneous catalysts often possess poor recyclability, suffer from 

photobleaching, and often rely on rare earth metals. At the same time, heterogeneous photocatalysts 

typically have lower efficiencies than their homogeneous counterparts due to poor light penetration 

and limited substrate mass transport.  

The combination of macromolecular structures with small photocatalytic moieties is an approach to 

combine beneficial material properties with photocatalytic activity. Merging the beneficial aspects of 

homogeneous and heterogeneous photocatalysis. 

This thesis aimed to investigate the combination of small molecular photocatalysts with 

macromolecular structures, combining the versatility of modern photocatalysis with beneficial 

material properties. 

In this work, functionalized metal-free photocatalytic moieties based on π-extended benzothiadiazole 

were covalently incorporated into macromolecular support structures to design efficient 

photocatalysts and analyze the effect of the material on the photocatalytic capabilities. 

Overall, three projects were carried out combining macromolecular structures comprising of linear 

polymers, a high transmittance hydrogel, and protein scaffolds with photocatalytic moieties. Designing 

novel macromolecular photocatalysts.  

 

Polymers are an ideal support for photocatalytic moieties because they allow for a wide range of 

possible material properties and structures due to the chosen monomer and type of polymerization. 

Functionalized photocatalytic moieties enable the copolymerization and integration into polymer 

supports, combining material properties with the photocatalyst. 

Due to this, the copolymerization of photocatalytic moieties into support material via RAFT, ATRP, or 

free radical polymerization has emerged as a new development platform for heterogeneous 

photocatalysts. Nevertheless, little is known about the interaction and influence of the comonomer on 

the photocatalytic efficiency. In the first project, a vinyl functionalized benzothiadiazole-based 

photocatalytic moiety was copolymerized with seven different monomers, methyl 

methacrylate(MMA), styrene (S), acrylonitrile (AN)  as well as benzyl methacrylate (BMA), hydroxyethyl 

methacrylate (HEMA), N,N-dimethylaminoethyl methacrylate (DMAEMA), and N,N-dimethylacrylamid 

(DMA) via free radical polymerization. The copolymers poly(methyl methacrylate) (PMMA), 

polystyrene (PS), and polyacrylonitrile (PAN) had a significant effect on the on the absorption and 

emission spectra. In consequence, these three copolymers were used to investigate the comonomer 

effect on the photocatalytic efficiency and photophysical properties. The copolymer was analyzed via 
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UV/Vis- and fluorescence spectroscopy, fluorescence lifetime, and quantum yield measurements. In 

addition, the optical band gap and HOMO/LUMO levels were determined. Further, three 

photocatalytic reactions were analyzed via kinetic measurements showing evidence of an impact on 

the photocatalytic efficiency depending on the chosen comonomer. In direct comparison to methyl 

methacrylate and acrylonitrile, the usage of styrene as a comonomer has a positive effect on the 

photophysical properties and photocatalytic efficiency. The copolymerization of the photocatalytic 

moiety with styrene leads to an increased lifetime of the excited state, lower blue shift, and better 

photocatalytic activity.  

  

Heterogeneous photocatalysts are typically limited by low light penetration into the heterogeneous 

material, as well as light scattering on the material surface. In addition, limited substrate diffusion into 

heterogeneous photocatalysts reduces the overall efficiency of the photocatalytic materials. In a 

second project, a photocatalytic hydrogel based on a high-transmittance polymer network was 

created. The hydrogel possessed a high transmittance under visible light while also being swellable in 

water. Improving the light penetration depth into the material while also improving the substrate 

diffusion due to the swollen polymer network. Due to the material properties, the hydrogel was used 

for pollutant remediation under visible light, allowing for the uptake of substrates into the hydrogel 

before being degraded. The viability and possible application range were demonstrated by the 

photooxidation of dyes, organic sulfides, as well as the reduction of chromiumVI and the 

photodegradation of glyphosate. Furthermore, a large-scale experiment proved the hydrogel's 

potential by photodegrading glyphosate on a half-liter scale. 

  

The final project was undertaken in cooperation with the Jarvis group at the University of Edinburgh. 

The design and development of artificial metal-free photoenzymes aim to combine the selectivity of 

enzymatic reactions with the benefits of modern synthetic photocatalysts. Removing the need for rare 

earth metals and allowing for milder reaction conditions, leading to a more sustainable catalytic 

system. In the last chapter, a novel artificial photoenzyme was created. Integrating photocatalytic 

iodoacetamide functionalized benzothiadiazole moiety into a steroid carrier protein (SCP-2L). SCP-2L 

is an ideal candidate for incorporating a photocatalytic moiety due to the possession of a hydrophobic 

tunnel facilitating substrate uptake in aqueous media. Through site-selective mutagenesis, non-native 

cysteine residues were strategically placed around the hydrophobic tunnel, introducing three SCP-2L 

variants. The photocatalyst was site-selectively bound to three variants and yielded three 

photoenzymes. Analysis of the photophysical behavior via UV/Vis and fluorescence spectroscopy, as 

well as monitoring of a photocatalytic reaction, highlighted differences in the reactivity depending on 

the binding site. 
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 Introduction 
 

Light is a renewable and abundant energy source, possessing the potential answer to our increasing 

energy demand and reliance on fossil resources. On average, 1.36 kW/m2 of solar irradiation reaches 

the earth's surface, of which approximately 40% is in the visible light spectrum.1,2 Nature uses this 

resource and converts solar energy via photosynthesis. In contrast, global CO2-emission reached an all-

time high of 36.8 GT in 2022, caused by an increasing energy demand and over-reliance on fossil fuels.3 

To overcome this dependence on limited resources and reduce our environmental impact, the 

utilization of light for photocatalysis has soared in popularity. (Figure 1.1) Inspired by nature, 

photocatalysis offers an alternative to conventional thermal catalysts, being researched for the 

synthesis of high-value chemicals as well as H2 evolution, CO2-reduction, and wastewater remediation.  

 

Figure 1.1 Number of publications between 1980 and 2022. Search term “photocatalysis” CAS SciFinderⁿ. 
www.scifinder-n.cas.org. Accessed 22 May, 2023.  

Although its significant increase in popularity, first reports about light usage for chemical 

transformation reach back to the early 20th century. Neiber reported the bleaching of Prussian blue in 

the presence of ZnO under light irradiation and introduced the term “photocatalysis”.4 Giacomo 

Ciamician became an advocate for the usage of light in chemistry, highlighting the limited availability 

of fossil fuels as early as 1912.5,6 Nevertheless, photocatalysis remained a footnote in chemical 

research until Fujishima and Honda reported the photocatalytic hydrogen evolution via TiO2 in 1972.7 

Further Nicewicz and Macmillan's publication highlighting the possible application of photocatalysis in 

organic synthesis in 2008.8 Over the last decades, research efforts focused on the design of novel 

homogeneous and heterogeneous photocatalysts, as well as photocatalytic reactions.  

Metal-free dyes emerged as alternatives to transition metal catalysts. Dyes like rhodamine B and 

eosin Y, as well as specifically designed photocatalytic moieties, have been investigated to remove the 
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dependence on rare elements like ruthenium and iridium. On the other hand, heterogeneous 

photocatalysts are being investigated as a recyclable alternative to homogeneous photocatalysts and 

are based on various organic and inorganic materials covering a wide range of structural designs. 

However, so far, photocatalysts still possess significant limitations, which restrict their widespread 

applicability. Homogeneous photocatalysts are often hard to recycle and can contaminate the product, 

rely on rare earth metals, and can be toxic, while fully organic photocatalytic dyes suffer from 

photobleaching. On the other hand, heterogeneous photocatalysts face issues such as limited light 

penetration into the photocatalytic material, light scattering on the surface, as well as limitations in 

diffusion and mass transfer. 

Therefore, novel design strategies are needed to negate these drawbacks. The ideal photocatalyst 

would combine the benefits of homogeneous and heterogeneous photocatalysis. These photocatalysts 

should be easy to recycle and stable under irradiation while also being highly efficient. Therefore, an 

emerging field is the incorporation and fixation of small molecular photocatalysts into macromolecular 

structures like polymers and proteins. Polymers and proteins are macromolecular structures 

possessing advantageous material properties that could make them favorable support structures for 

small molecular photocatalysts. 

Polymers are an ideal support for photocatalytic moieties because they allow for a wide range of 

possible material properties and structures due to the chosen monomer and type of polymerization. 

The ability to recycle polymers and the easy fixation of small molecular photocatalysts through 

copolymerization make them interesting candidates for the next generation of heterogeneous 

photocatalysts. Furthermore, copolymerization allows high control over the position and concertation 

of photocatalysts in the polymer backbone, allowing the fine-tuning of material and photocatalytic 

properties. 

Enzymes, on the other hand, are used in nature as highly specific and efficient catalytic systems under 

mild and benign conditions. Proteins possess a three-dimensional leading to steric hindrance near the 

active center, leading to highly selective and substrate-specific catalytic processes. These properties 

have a potential synergy with photocatalysis and make proteins a promising development platform for 

a novel class of photocatalytic enzymes. Embedding small molecular photocatalysts within a protein 

structure can lead to the development of novel artificial photoenzymes, combining the benefits of 

enzymatic precision with the capabilities of photocatalysis. This photocatalytic material is highly 

sustainable, benefits from milder reaction conditions, and can use water as a sustainable solvent, 

leading to an overall highly environmentally friendly system. 

Therefore, combining small molecular photocatalysts with macromolecular structures is a path to link 

advantageous material properties with photocatalytic activity and merge the favorable aspects of 

homogeneous and heterogeneous photocatalysis. 

In this context, the aim of this thesis was to incorporate small molecular photocatalysts into 

macromolecular structures with beneficial material properties to develop macromolecular materials 
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with photocatalytic capabilities. In addition, this thesis aimed to gain insights into the effect of the 

material on the photocatalyst and its photocatalytic capabilities. Three projects were realized, 

integrating a π-extended benzothiadiazole photocatalyst into linear polymers, a hydrogel, and protein 

scaffolds to contribute to a more sustainable and environmentally friendly future. 

The performed research projects can be divided into three main stages: identifying and designing 

suitable material, incorporating the photocatalyst, and analyzing the photocatalytic behavior. In the 

first step, macromolecular support with suitable material properties was identified and accordingly 

synthesized. In the case of this thesis, three different structures were investigated. The first research 

chapter (5.1) is used to analyze the effect of comonomers on photocatalytic efficiency and 

photophysical properties. The second chapter (5.2) introduces a high transmittance hydrogel as 

material support, allowing for wastewater remediation. Lastly, the third chapter (5.3) is based on using 

a protein scaffold as macromolecular support. In the second step, the adequate photocatalyst was 

synthesized and incorporated into the macromolecule. In this Ph.D. thesis, the photocatalytic moiety 

is based on a π-extended benzothiadiazole. This fully organic photocatalyst possesses a donor-acceptor 

design, and can be modified to allow the incorporation into macromolecules, either through 

copolymerization (chapter 5.1 & 5.2) or bioconjugation (chapter 5.3). 

In the last step of these projects, the developed photocatalytic macromolecules were used for 

photocatalytic testing, and the material and photophysical properties were analyzed. Aiming to 

evaluate the capabilities and properties of these photocatalysts under light irradiation. 

In the first chapter 5.1, three monomers, methyl methacrylate, styrene, and acrylonitrile, were 

copolymerized with the photocatalytic moiety. The copolymerization of photocatalytic moieties into 

polymers is a powerful tool for designing photocatalysts with beneficial morphologies. However, little 

is known about the effect of the comonomer on the photocatalytic capabilities. Therefore, a systematic 

study is undertaken to analyze the influence of three monomers on the photophysical properties of a 

π-extended benzothiadiazole photocatalyst. 

In the second chapter 5.2, a high transmittance photocatalytic hydrogel was developed. 

Heterogeneous photocatalysts are limited in application due to low light penetration depth, light 

scattering on the material surface, and limited substrate diffusion. Therefore, a high transmittance 

hydrogel based on N,N-dimethylacrylamide was designed, allowing for better light penetration into 

the material. Negating the drawback of heterogeneous photocatalysts. The material was used for 

pollutant degradation in water, and an upscaled photodegradation was performed. 

Enzymes perform highly specific and selective reactions under benign conditions but are often 

cofactor-dependent, limiting their possible application. In chapter 5.3, an artificial photoenzyme was 

designed by incorporating a single photocatalytic moiety into protein scaffolds. Three variants with 

varying binding sites were synthesized, and the effect of the position on the photocatalytic efficiency 

was investigated, leading to a stable artificial photoenzyme that requires no cofactors for 

photocatalytic reactions under visible light irradiation. 
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This thesis is divided into seven chapters, including the theoretical background of photocatalysis and 

an overview of homogeneous and heterogeneous photocatalysis, before introducing current research 

on polymer-based photocatalysts and artificial photoenzymes. After describing the applied 

characterization techniques, chapter five reports the data and results of three conducted projects. 

Proceeded to the experimental section and a summary of this thesis. 
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 Theoretical Background  
 

In the following chapter, the theory of photocatalysis is shortly explained, utilizing a small molecular 

photocatalyst under visible light irradiation as an example. 

The working mechanism of a photocatalyst is unlike that of a conventional catalyst and has been 

intensively researched in order to find greener and more environmental friendly alternatives to 

existing synthetic strategies.9-12 Thermal catalysts reduce the energy of the transition state to catalyze 

reactions, while the photocatalysts absorb light and use the absorbed photon energy to catalyze 

electron or energy-transfer reaction.9,12 

The first step of this mechanism is the absorption of visible light to transfer the molecule from the 

ground state into the excited state. In this process, the light energy must be equal to or higher than 

the existing bandgap (∆Egap) between the highest occupied molecular orbital (HOMO) and the lowest 

unoccupied molecular orbital (LUMO). The light absorption excites an electron from the HOMO to the 

LUMO, leaving a vacancy in the HOMO and creating an electron-hole pair.  

Due to the vacancy hole in the HOMO and an electron in the LUMO, the photocatalyst in the excited 

state possesses better oxidative and reductive properties than in the ground state. Through light 

absorbance, the photocatalyst becomes a better reductant and oxidant, enabling the catalysis of 

chemical reactions. Next to the bandgap and potential of the HOMO/LUMO levels, the lifetime of the 

excited state is of key importance for designing an efficient photocatalyst. As every system desires to 

reach the lowest potential energy state, the excited state is unstable and returns to the ground state 

via radiative or non-radiative transitions. Therefore, charge separation and diffusion prolong the 

excited state lifetimes by preventing electron–hole recombination and are essential for efficient 

electron transfer reactions. 

The photoinduced electron transfer reaction can proceed via two pathways, either a reductive 

quenching cycle or an oxidative quenching cycle. (Figure 2.1) In the reductive cycle, an electron is 

transferred from an electron donor to the photocatalyst, resulting in the oxidation of the substrate 

and reduction of the photocatalyst. Consequently, in the oxidative cycle, the electron is transferred 

from the LUMO to an electron acceptor, oxidizing the photocatalyst. Through a second electron 

transfer, the photocatalytic cycle is completed.  
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Figure 2.1 Depiction of the photocatalytic mechanism involving an oxidative or reductive quenching cycle. 

Alternative to an electron transfer, a photocatalyst can also partake in an energy transfer reaction. 

This reaction is most commonly observed in the presence of oxygen, leading to the formation of singlet 

oxygen via a Dexter energy transfer mechanism. As energy transfer and electron transfer can be 

competing reactions, electron transfer reactions are often performed in the absence of oxygen. 

Visible light offers the possibility to catalyze a wide variety of redox reactions, usually requiring thermal 

energy and/or conventional catalysts. By harnessing light energy, photocatalysis facilitates sustainable 

catalytic reactions without reliance on limited fossil fuels and without producing environmentally 

harmful side products. 

In the following chapter, homogeneous and heterogeneous photocatalysts are summarized, and 

design strategies based on the incorporation of small molecular photocatalysts into macromolecular 

structures are introduced. 
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 Homogeneous and Heterogeneous Photocatalysts 
 

 Homogeneous Photocatalysts  

3.1.1 Homogeneous Photocatalysts Based on Transition Metal Complexes 

Within the field of homogeneous photocatalysis, transition metal complexes like [Ru(bpy)3]2+ are the 

most commonly employed photocatalysts, with a vast library of reports, reviews, and books dedicated 

to their characterization and capabilities. Prominent reviews by the research group of MacMillan9,13 

highlight the photocatalytic capabilities of transition metal complexes, while the book chapter of Arias-

Rotondo and McCusker14 gives a comprehensive overview of the photophysical properties of 

[Ru(bpy)3]2+.  

Although the first reports of [Ru(bpy)3]2+ reach back to 1936, its usage for organo-photocatalysis was 

rarely reported.15 The group around Kellogg used [Ru(bpy)3]2+ for the reduction of sulfonium ion in the 

presence of Hantzsch ester as a sacrificing agent.16,17 Cano-Yelo and Deronzier reported the 

photocatalytic Pschorr cyclization, yielding phenanthrene derivatives.18 Only in the last decades the 

usage of transition metal photocatalysts has become the focus of intensive research after the report 

of MacMillan and Nicewicz in 2008.8 In their research, MacMillan and Nicewicz combined an organo-

catalyst with a ruthenium photocatalyst for the enantioselective α-alkylation of aldehydes. In the same 

year, the group of Yoon reported the [2+2]-enone cycloaddition.19 Since then, a variety of reactions 

and conditions have been reported. Examples include the hydroxylation of boronic acids with 

[Ru(bpy)3]2+.20 On the other hand, the borylation of aryl halides was reported by Jiang et al. and 

required the utilization of fac-Ir(ppy)3. Under the right conditions, the synthesis could be directly 

followed by photocatalytic hydroxylation of the synthesized boronic esters.21 The stereoselective 

synthesis of z-alkenyl thioethers from 1,2,3-thiadiazoles was achieved through the combination of 

[Ru(bpy)3]2+ and Cu(OAc)2 as co-catalyst.22 It was observed that the reaction also proceeded in the 

absence of the co-catalyst but with lower stereoselectivity. [Ru(bpy)3]2+ was further successfully used 

for the chlorination of aromatic compounds in the presence of NaCl and Na2S2O8.23 The group of Bolm 

reported the photocatalytic synthesis of β-keto sulfoximines from phenylacetylene,24 while Trieu et al. 

reported the photocatalytic synthesis of isoxazolidines with high diastereomer selectivity.25 

The efficiency of transition metal photocatalysts is based on the desirable photophysical properties of 

polypyridine complexes. This includes their near 100% efficiency for forming the excited state upon 

photon absorption while also possessing lifetimes between 300 ns and 6 µs.26-28 Under visible light 

irradiation, the absorbance of [Ru(bpy)3]2+ is attributed to a metal-to-ligand charge transfer (MLCT) 

leading to a charge separation. Transferring an electron from the metal center to the ligand.29 Upon 

irradiation, the complex undergoes a rapid intersystem crossing (ISC) within ~100 fs from 1MLCT to the 

triplet state 3MLCT.30  Due to electron transfer from the metal center to the ligand, the ligand can be 
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used as a reducing agent, with the transition metal being an oxidizing agent. Accordingly, the 

photoexcited molecule becomes a better oxidant and reductant. In the excited state, the photocatalyst 

can be used in reductive and oxidative cycles through single electron transfer (SET), with the redox 

potential and bandgap being influenced by the choice and functionalization of ligands.31 (Figure 3.1) 

In a study by Lin et al., various polypyridine ruthenium complexes were compared in regards to their 

photophysical properties and reduction potential. Significant differences in the redox potential and 

bandgap were observed depending on the chosen ligand.31  

 

Figure 3.1: Depiction of molecular orbitals of [Ru(bpy)3]
2+ and the creation of an electron-hole pair upon irradiation. 

Followed by the possible SET in an oxidative or reductive quenching process.9 Reproduced with permission of ACS 
Copyright © 2013.  

In addition to the photocatalytic electron transfer, the excited state of [Ru(bpy)3]2+ can be used for 

energy transfer, with the 3MLCT state being efficiently quenched in the presence of oxygen, generating 

single oxygen. Already in 1973, Demas et al. analyzed the deactivation of singlet oxygen by ruthenium 

(II) complexes.32 More recent, reviews by the Glorius and Xiao research groups have summarized the 

energy transfer pathways of photocatalysts and the possible use in photochemistry.11,12  

Although their high efficiency, transition metal photocatalysts require the utilization of rare earth 

elements like ruthenium and iridium, which reduces their applicability due to high costs and possible 

toxicity, as a result, homogeneous organic dyes were investigated as a possible alternative. 

 

3.1.2 Homogeneous Photocatalysts Based on Organic Dyes 

In addition to transition metal-based photocatalysts, a wide variety of fully organic dyes can be applied 

as photocatalysts, as highlighted in a comprehensive book chapter by Zeitler as well as a review by 

Romero and Nicewicz.33,34 The usage of fully organic small molecule photocatalyst allows for a more 

environmentally friendly and economical approach due to the removal of expensive and rare earth 

metals. Dyes based on benzophenone,35-37 acridinium,38-40 thiazine,41-43 or xanthene44-47 have been 
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reported for a range of photocatalytic reactions. (Figure 3.2) Organic photocatalytic dyes require an 

extended conjugated π-system to enable visible light absorption, with smaller molecules like 

benzophenones, quinones, or quinoliniums only being active under UV-irradiation. Prominent fully 

organic photocatalysts are based on acridinium and xanthene derivatives, including Mes-Acr+,38 eosin 

Y, and rose bengal. These organic photocatalysts are readily available and have been well studied for 

applications in photocatalysis due to their beneficial HOMO/LUMO levels and bandgap allowing for 

visible light absorption. The optical and photophysical properties of fluorescein and its derivatives have 

been extensively studied over the last decades.  

 

Figure 3.2 Common fully organic dyes used as photocatalysts based on acridinium, fluorescein, rhodamine thiazine. 

Due to their functional groups, xanthene dyes possess different equilibrium forms as well as 

protonated and deprotonated forms. Different photophysical properties can be observed depending 

on protonation, leading to changes in the photocatalytic capabilities dependent on the solvent and 

protonation of the used dye. As an example, the neutral species of fluorescein possesses three 

tautomers, of which one disrupts the fully conjugated π-system and consequently does not absorb 

visible light. Slyusareva and Gerasimova highlighted the absorbance and fluorescence dependence of 

fluorescein, eosin Y and erythrosine B in regards to the pH, displaying lower absorbance at lower pH 

values.48  

Majek et al. investigated the photocatalytic substitution of arene diazonium salts with bis(pinacolato) 

diboron using eosin Y as a photocatalyst. It was observed that under basic conditions or through the 

usage of DMSO as a solvent, a better photocatalytic efficiency could be achieved.49  

Of the xanthene-based photocatalyst, eosin Y and rose bengal are commonly used due to fast occurring 

ISC and higher yield of the excited triplet state.50,51 This effect can be explained through the degree of 
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halogenation and the corresponding heavy atom effect.52,53 Fully deprotonated fluorescein possesses 

a high fluorescence quantum yield φf (FL = 0.93) but suffers from shorter fluorescence lifetimes (τf∼4 

ns) and low φISC (FL = 0.03). In contrast, eosin Y and rose bengal undergo fast ISC, with φISC increasing 

to φISC (EY = 0.32) and φISC (RB = 0.77). In turn, the higher amount of ISC generation of triplet states 

reduces the fluorescence lifetime and quantum yield accordingly.  

The degree of halogenation further affects the photophysical properties, leading to changes in the 

redox potentials and red shifting the absorption and emission spectra.54 Zhang et al. compared 

fluorescein with its halogenated derivatives. In the line of fluorescein, eosin y, and erythrosine, the 

required energy to reach the excited state S1 decreases from 2.42 eV to 2.31 eV and 2.29 eV, 

showcasing the effect of halogenation.54 Due to the high amount of ISC, halogenated xanthenes 

derivatives are efficient for triplet energy transfer reactions, like the formation of singlet oxygen,55,56 

which can oppose electron transfer reactions.57 Further self-quenching has been observed between 

the semiconductors' ground state and the excited state.58-60 

The efficient singlet oxygen generation and SET are used for photocatalytic reactions, and 

photodegradation of wastewater pollutants.61,62 Rose bengal was reported for the photooxidation of 

organic sulfides.63 A commonly reported photocatalytic reaction for FL-derivatives is the coupling of 

tetrahydroisoquinolines derivatives with a variety of nucleophilic substrates, including nitromethane, 

dialkyl malonates, malononitrile, and dialkyl phosphonates using eosin y or rose bengal under visible 

light irradiation.64-66 Further photocatalytic reactions of tertiary alkyl amines include the [3+2] 

cycloaddition with alkynes or N-methyl maleimide, which was reported for the synthesis of 

pyrroloisoquinoline.46 Reductive intramolecular cyclisation of bisenones was further reported by 

Neumann and Zeitler using eosin Y and Hantzsch ester or N,N-diisopropylethylamine (DIPEA) as a 

sacrificing agent.67 The photocatalytic bromination of sp3 C-H was successfully performed by Kee et al. 

in moderate yields.47 Further, photoreaction examples include the hydrogenation of nitroarenes 

yielding the corresponding aniline derivative in good yields,68 as well as the commonly reported aryl 

radical formation utilizing aryl diazonium salts.69 

 

3.1.3 Homogeneous Photocatalysts based on Benzothiadiazole 

Besides the usage of transition-metal complexes and organic dyes, π-extended benzothiadiazoles have 

been investigated as homogeneous photocatalysts.70,71 Benzothiadiazole photocatalysts are based on 

a donor-acceptor design (D-A), allowing for systematic control over the bandgap, and HOMO/LUMO 

levels, with tunable absorption of visible light. D-A design combines electron-acceptor groups like 

benzothiadiazole with electron-rich donors in a small organic semiconductor. Upon light irradiation, 

an electron is excited into the LUMO, creating an electron-hole pair. The D-A design promotes charge 

separation and enables a longer excited state lifetime by preventing the electron-hole pair's 

recombination. By varying the electron-donor and – acceptor moieties in the molecule, the HOMO and 
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LUMO levels of the photocatalyst can be controlled. This allows for defined band gaps and absorption 

of visible light, regulating the optical and photophysical properties. The first extensive analysis of π-

extended 2,1,3-benzothiadiazole derivatives was conducted by DaSilveira Neto et al. in 2005.72 (Figure 

3.3) The optical and electronic properties of the benzothiadiazole derivatives were characterized as 

possible candidates in OLED applications, including fluorescent lifetime and quantum yield 

measurements as well as determinations of band gaps and absorbance and emission spectra. 

The D-A design was further developed by the group of Zhang in 2016 and applied for photocatalytic 

purposes as an alternative to traditional metal-based photocatalysts.70 It was theorized that the D-A 

design would increase the photocatalytic moiety's reactivity due to the excited state's extended 

lifetime and control over the band gap and HOMO/LUMO levels. 

 
 

Figure 3.3 π-extended benzothiadiazole investigated by DaSilveira Neto et al.72 (left). Calculated molecular orbitals of 
the HOMO/LUMO-level of diphenyl benzothiadiazole (1) indicating a shift in electron density upon irradiation.73 (right) 
Reproduced with permission of Wiley‐VCH Copyright © 2019.  

Overall, five photocatalytic moieties were synthesized, combining electron-rich phenyl and thiophene 

groups with benzothiadiazole, benzoxadiazole, and benzoselendiazole as electron-acceptor moieties. 

Density functional theory (DFT) calculations were used to visualize the frontier orbitals, showcasing a 

significant shift in the electron density from the electron-rich donor moieties in the HOMO to the 

electron acceptor moiety in the LUMO. The D-A design proved to be efficient for a range of 

photocatalytic reactions, including dehalogenations, indole couplings, C-C couplings of aryl iodides 

with furan and pyrrole, bromation of  alcohols as well as photoinitiator of polymerizations.71,73-75 

 

Homogeneous photocatalysts have proven their efficiency and photoredox capabilities, synthesizing 

various products. Highlighting the possibility of photocatalysis to have an environmentally friendly 

impact on the chemical industry. Despite that, homogeneous photocatalysts possess a list of intrinsic 

drawbacks that hinder their implementation.76,77 As mentioned, transition metal complexes require 

rare earth metals, which can lead to increased costs. Further, the environmental impact of mining 

these metals must also be considered. Fully organic dyes, while being more environmentally friendly, 

suffer from photobleaching and are, just like their counterparts, hard to recycle, potentially 

contaminating the desired product.78 To account for these downsides, the development of 

heterogeneous photocatalysts offers a potential solution due to higher stability and easy recycling. 
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 Heterogeneous Photocatalysis 

In the following chapter, heterogeneous photocatalysts are introduced with a focus on fully organic 

photocatalysts. 

In heterogeneous photocatalysis, the reaction medium and catalyst are phase-separated, allowing 

easy separation of the usually solid photocatalyst from the liquid reaction medium, leading to a 

simplified recycling and purification process. Therefore, heterogeneous photocatalysts improve upon 

the existing limitations of small molecular photocatalysts, which suffer from a lack of recyclability and 

are dependent on rare earth metals, while also suffering from photobleaching.10,79  

Heterogeneous photocatalysts possess a band structure emerging from overlapping orbitals, 

broadening the discrete energy levels and forming energy bands based on the linear combination of 

the molecular orbitals.80 Otherwise, heterogeneous photocatalysts work like their homogeneous 

counterparts by light absorption, which transfers the photocatalyst into the excited state. An exciton 

is created with an electron being transferred from the valence band (VB) to the conduction band (CB), 

leaving an electron hole in the VB. Lastly, the photocatalyst interacts with the substrate through 

energy- or electron-transfer. (Figure 3.4) 

 
Figure 3.4: Formation of the band structure in heterogeneous photocatalyst, based on molecular orbital of a small 
molecular photocatalyst. Depictured mechanism of heterogeneous photocatalysis through light absorption followed by 
electron transfer from the photocatalyst towards an electron acceptor (A) or from an electron donor (D) into the 
valence band. 

Therefore, creating an efficient heterogeneous photocatalyst is bound to specific requirements and an 

ideal combination of morphology, optical- and photophysical properties. (i) The energy level of the 

valence and conductive band must be chosen to increase the likelihood of an electron being excited to 

the CB, with the energy of the bandgap being in the visible light spectrum to increase quantum 

efficiency. (ii) The material must possess a high charge mobility to reduce the chance of recombination 

and a quick charge transfer to the surface.81,82 (iii) The material must possess a high surface-to-volume 

ratio to increase substrate diffusion and photocatalyst-substrate interaction83-85 while also possessing 

the necessary wettability.86 (iV) Lastly, high light penetration depth with long excited lifetimes are 

required to reduce light scattering and catalyst loading. Due to this, various inorganic and organic 

heterogeneous photocatalysts have been created, covering a variety of structures and possible 
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applications. Inorganic photocatalysts are often based on TiO2.87-90 Unfortunately, TiO2 only absorbs 

light in the high energy and low abundant UV-range. Therefore, other inorganic materials like Bi2O3,91-

93 CdS/CdSe,94-97 lead halide perovskites,98-100 and metal-organic frameworks (MOFs)101-104 have been 

investigated as possible photocatalytic material to improve on this limitation and allow the adjustment 

of absorbance as well as HOMO/LUMO levels and the resulting bandgap.  

In addition to inorganic photocatalysts, fully organic conjugated polymers have emerged as efficient 

photocatalysts based on conjugated mesoporous polymers (CMP), covalent organic frameworks 

(COFs) and covalent triazine framework (CTF). As a metal-free alternative, these systems are designed 

from readily available elements, possessing a chemically robust structure, while their conjugated 

design allows for an increased charge transfer.105-108 

CMPs possess a fully organic amorphous structure with a fully conjugated π-system synthesized by 

metal-catalyzed coupling reactions. The polymerization of CMPs was first reported by Cooper and 

coworkers in 2007 through a Sonogashira–Hagihara coupling109 but can also be achieved via different 

metal-catalyzed C-C-coupling reactions. In addition to the mentioned Sonogashira–Hagihara 

coupling,110-112 the Suzuki-Miyaura coupling113,114 is the most commonly used method, using 

halogenated aromatic monomers in combination with organoboron monomers to achieve a carbon-

carbon formation in the presence of a palladium catalyst. Further possible methods include Yamamoto 

couplings between aryl halides using a nickel complex as the catalyst as well as Heck,115 Glaser,116 

Schiff,117,118 or oxidative119 coupling. (Figure 3.5) The formed polymers possess exceptionally high 

chemical stability and tolerate a wide range of conditions and solvents while also reducing 

photobleaching. The conjugated π-system allows for an exciton diffusion and charge separation, 

increasing the excited state's lifetime. The mesoporous structure further increases the surface area, 

allowing for better substrate diffusion and photocatalyst-substrate interaction. The choice of 

monomer allows tuning of the conjugated structures and gives control UV/VIS-absorbance, optical and 

electronic bandgap. Therefore CMPs have been explored as heterogeneous photocatalysts for a variety 

of reactions, including hydrogen evolution,120 CO2 reduction,121,122 amine coupling,123,124 sulfide 

oxidation,125,126 boronic acid hydroxylation,127 aza-henry reaction,111,128 dehalogenation,129 C-C 

cleavage,130 C-C formation,131-133 dye degradations,134,135 as well as cycloadditions.136 
 

 

Figure 3.5: Methods utilized in coupling reactions to synthesis conjugated mesoporous polymers. 

Compared to CMPs, covalent organic frameworks (COFs) possess a highly porous crystalline network 

based on covalent bonds between building blocks and linking groups.137 Yahi reported the first COF in 
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2005 by synthesizing a porous material composed of rigid organic building blocks linked through 

boroxine anhydride formation.138,139 Since then, numerous types of COFs have been designed based 

on a wide range of building blocks and linking groups utilizing imine,140,141 azine,142,143 heptazin,144 

boronic,139,145,146 squaraine,147 double bonds,148,149 benzoxazole,150 borosilicate,151 and boranhydrid146 

and others possible linking groups. 

The material properties of COFs are appealing for a range of possible applications,152,153 including gas 

adsorption,151,154,155 semiconductors,105,156 wastewater remediation,157,158 as well as 

photocatalysis.105,108,144,148 COFs possess high chemical and thermal stability, preventing degradation 

and allowing for possible material recycling.157,159 The crystallinity, in combination with an extended π-

system, accelerates charge diffusion and electron-hole separation, increasing the lifetime of the 

excited state while simultaneously transporting the charge carriers to the surface.105,137,138,148,159,160 

They further possess a high surface area and high porosity, enhancing substrate diffusion, while the 

possibility to tune optical and photophysical properties enables visible-light absorption.105,108,161 First 

usage of COFs for photocatalytic hydrogen evolution was reported in 2014 by Lotsch and coworkers.161 

A usage of 1,3,5-tris-(4-formyl-phenyl)triazine and 2,5-diethoxy-terephthalohydrazide as building 

blocks leads to hydrazone formation and a mesoporous 2D honeycomb-network.  

Covalent triazine frameworks were introduced in 2008 by Kuhn et al. through trimerization of aromatic 

nitriles in molten ZnCl2.162 The resulting CTFs showed promising properties and high stability. The 

polymer consisted of a three-dimensional crystalline triazine-based organic framework, which 

possessed a highly porous structure with a high surface area. Since then, new synthesis strategies have 

been developed, allowing for milder reaction conditions.163-167 This enabled the synthesis of various 

CTFs with tunable photophysical properties and three-dimensional mesoporous structure, which have 

been reported for photocatalysis, especially for hydrogen evolution,168-171 CO2 storage and 

reduction172,173 or organic synthesis.141 

Fully organic heterogeneous photocatalysts negate the intrinsic drawbacks of homogeneous 

photocatalysts, including toxicity, high production cost, photobleaching, and a lack of sufficient 

recyclability. The efficiency of heterogeneous photocatalysis depends on a high surface-to-volume 

ratio, substrate diffusion, and high light penetration.174 To maximize these properties, the synthesis of 

CTFs was recently combined with silica templates, allowing the formation of nanoparticles, hollow 

shells, and nanoporous CTFs.175-178 Further COFs with different morphologies, including sheets,148,179 

nanoparticles,180 spheres,181 hollow nanotubes,182 nanofibers183 have also been reported. 

However, the material properties are dictated by the need for a fully conjugated polymer network, 

which leads to a variety of downsides. Heterogeneous photocatalysts are often hard to modify, and 

the design of specific structural designs depends on the usage of templates. They further possess poor 

wettability and are difficult to disperse in water.184 Additionally, light scattering and low penetration 

depth, in combination with a slower mass diffusion, lead to a lower activity than their homogeneous 

counterparts.174  
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 Photocatalytic Small Molecules Incorporated into Classical Polymers 

 

In addition to CMP and COF, classical polymers have emerged as versatile support for incorporating 

photocatalytic moieties by combining the versatility and application range of polymers with the 

photocatalytic capabilities of homogeneous photocatalysts.185,186 Classical polymers are based on small 

repeating units, which are covalently bound through a variety of possible polymerization techniques, 

including radical, controlled radical, or anionic polymerization, as well as polyaddition or 

polycondensation. Polymers are easy to synthesize and allow for various structural designs, 

morphologies, and tunable material properties. Depending on the desired structure and material 

properties, changes can easily be achieved by altering monomer choice and ratio, molecular weight, 

the addition of crosslinker, or the chosen polymerization method.  

CMPs, COFS, and CTFs, on the other hand, require templates to design different structures, lack 

necessary control, or require difficult reaction conditions unsuited for upscaling.176,187 Additionally, the 

photophysical and material properties depend on the conjugated π-system. Therefore, changes in the 

monomer or morphology can lead to changes in fully conjugated materials' optical properties.120,187 

Combining the small molecular photocatalyst with classical polymers can, therefore, be used to 

introduce beneficial structures and material properties to heterogeneous photocatalysts. By doing so, 

certain disadvantages of heterogeneous photocatalysts, like limited mass transfer, poor wettability, 

low light penetration depth, and light scattering, are negated while simultaneously reducing the 

amount of required photocatalytically active material.  

So far, the combination of polymers with photocatalysis has led to a broad range of achieved 

morphologies and methods, including particles,188-194 capsules,195 and dendrimers.196,197 Further 

examples include linear,198-202 crosslinked,188,189,192,194,203-207 temperature and pH-responsive,195,208-

215thermophore,216,217 and graft-from polymers.218 In addition, self-assembly-polymerization,201,202,219-

222 self-promoted polymerization,74,223 and high internal phase emulsion polymerization (HIPE),224 have 

been reported. 

Homogeneous small molecule photocatalysts have been well studied, and their photocatalytic process 

has been well documented.13,225-227 Through functionalization, these photocatalytic moieties can be 

incorporated into classical polymers. So far, free radical polymerization,203,205 ATRP,213,214 RAFT,189,209,221 

NMP,218 and anionic polymerization215 have been reported to incorporate photocatalytic moieties into 

classical polymers. At the same time, post modifications include click chemistry and non-covalent 

binding as well as nucleophilic substitution.193,206,207 

Depending on the required photocatalytic capabilities, various photocatalytic moieties have been 

combined with classical polymers, including dyes like rose bengal218,219 or BODIPY,206 fully organic 

diphenyl benzothiadiazole,186 porphyrin derivatives,197 as well as rare earth metal complexes including 
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Ir(ppy)3
217 and Ru(bpy)3.216 (Figure 3.6) Due to their incorporation into classical polymers the downside 

of homogeneous photocatalysis like poor recyclability and photobleaching can be addressed.  

Therefore, the aim of the first two chapters of this thesis was to incorporate photocatalytic moieties 

into classical polymers to study the influence of the comonomer on the photocatalytic moiety and 

design heterogeneous photocatalysts with beneficial material properties. 

So far, little is known about the influence of the comonomer choice on the photocatalytic efficiency, 

and monomers are chosen with specific structural designs in mind. Therefore, in the first chapter we 

investigate the influence of monomers on the photocatalytic efficiency. A further downside of 

heterogeneous photocatalysts can be the low light penetration into the material, reducing the overall 

efficiency. In the second chapter, a high transmittance hydrogel was designed, allowing light to 

penetrate the support material and only being absorbed by the photocatalytic moiety.  

In the following chapter, we highlight the current state of research on the design strategies for 

incorporating small molecular photocatalysts into classical polymers and their morphologies. (Figure 

3.6) These structural designs include particles, capsules, star-shaped polymers, dendrimers, microgels, 

and crosslinked porous structures.  

 
Figure 3.6 Small molecular photocatalyst incorporated into classical polymers. 
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3.3.1 Particles  

Some of the first reports of incorporating photocatalytic moieties in classical polymers were published 

by Neckers` group in 1975, combining photocatalytic dyes with a Merrifield resin.193 Merrifield resin 

consists of a crosslinked styrene-divinylbenzene copolymer with a chloromethylated surface 

functionalization and was used as a heterogeneous polymer support. Five dyes were covalently bound 

to the particle surface and used for the photooxidation of double bonds. These photocatalytic dyes, 

possessing a carboxyl group, including rose bengal, were used for surface functionalization through 

simple nucleophilic substitution. (Figure 3.6 (1)) Neckers` group achieved a surface modification of 20% 

using rose bengal and used the heterogeneous photocatalyst for the production of singlet oxygen and 

the photooxidation of electron-rich alkenes in dichloromethane. The bound photocatalyst could 

outperform the homogeneous dye due to its low solubility in the solvent and better dispersion of the 

heterogeneous photocatalyst.  

The surface modification of Merrifield resin was further developed by Burguete et al.228 After surface 

modification of Merrifield resin with rose bengal, the remaining chloromethyl-groups were reacted 

with pyridine, resulting in a positively charged and more hydrophilic surface. (Figure 3.6 (1)) The 

photocatalyst was used to oxidize furoic acid via singlet oxygen in methanol. Compared to the previous 

report by Neckers and coworkers,193 the free dye was fully dissolved. However, it was still 

outperformed by the charged resin, while the resin only modified with rose bengal could not 

outperform the free dye. Lastly, the recyclability was showcased over 11 cycles, reaching complete 

conversion in all cases. Although the post-modification of synthesized particles is a well-established 

procedure, the design of photocatalysts, which can be easily copolymerized into polymers, allows for 

higher flexibility over synthesis approach, concentration, position, and monomer choice.  

The group of Save reported the combination of RAFT-mediated polymerization-induced self-assembly 

(RAFT-PISA) with photocatalytic moieties in two different publications.201,219 Rose bengal was 

functionalized and copolymerized with acrylic acid via RAFT polymerization, followed by chain 

extension with a second block using n-butyl acrylate as a monomer, which led to the formation of 

water-stabilized latex nanoparticles with narrow dispersion and a diameter of 85 nm.201 (Figure 3.6 

(2&3)) Further investigation of the RAFT polymerization showed that rose bengal did not hinder 

polymerization or particle formation. The formed particles could further be used to cast a film on glass 

surfaces. The photocatalytic efficiency was demonstrated through the photo-oxygenation of furfuryl 

alcohol under visible light irradiation at 515 nm. Quantum yield calculations showed that the 

nanoparticles were highly efficient in producing singlet oxygen but were still slightly outperformed by 

the free RB.  

In a follow-up study, the effect on 1O2 production was investigated by altering the position of the 

photocatalytic moiety, placing the photocatalyst either in the hydrophilic shell or the hydrophobic 

core.219 (Figure 3.6 (2&3)) The formed latex-NP had comparable diameters close to 100 nm. Again, high 
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quantum yields for the formation of singlet oxygen were observed without any apparent dependence 

on the position within the NP. 

 

Li et al. also reported the usage of RAFT-PISA for the design of a pH-responsive photocatalytic 

nanoparticle.209 Responsive systems allow the introduction of external triggers to activate and 

deactivate the photocatalytic capabilities of the heterogeneous photocatalyst, enabling controlled 

activation and easy recovery of the photocatalysts under constant light irradiation. 

In the first step, a di-block copolymer was synthesized from diisopropylamine ethyl methacrylate (DPA) 

and a functionalized photocatalytic moiety. (Figure 3.6 (4)) Chain extension with hydrophobic benzyl 

methacrylate led to the self-assembly of the polymer, creating a core–shell polymer nanoparticle. 

(Figure 3.7) Upon protonation, the PDPA was protonated, stabilizing the nanoparticle in water and 

giving access to the photocatalytic moiety. The PDPA chains were deprotonated at high pH values, and 

the nanoparticles aggregated, deactivating the photocatalytic nanoparticles. The system was used for 

four photocatalytic reactions and recycling tests, including the reduction of CrVI and C-C coupling of 3-

methyl indole with β-nitrostyrene.  

 

 

Figure 3.7 Schematic aggregation of pH-responsive RAFT-PISA photocatalytic nanoparticle209 Reproduced with 
permission of the author. (CC BY 4.0) 

 

Besides the combination of nanoparticles and small molecule photocatalysts, Shiraishi et al. 

demonstrated the usage of a SiO2-NP template for the encapsulation of a single photocatalytic dye into 

a thermoresponsive crosslinked poly(N-isopropylacrylamide) shell.195 PNIPAM possesses an 

advantageous lower critical solution temperature (LCST) in water, leading to the precipitation of the 

polymer at elevated temperatures. 

The encapsulation of the photocatalytic dye in a thermoresponsive PNIPAM was performed in four 

steps. First, SiO2-NP were synthesized through hydrolysis in the presence of methylene blue (MB), 

trapping the dye. The NP were then surface-functionalized, and through radical polymerization of 

NIPAM and crosslinker, PNIPAM was grown on the NP-surface. Lastly, the etching of the template 
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yielded the encapsulated homogeneous photocatalyst (TH@PC). (Figure 3.8) At room temperature, 

the capsule possesses a diameter of 550 nm. Under heating, the PNIPAM collapses, reaching a capsule 

diameter of 365 nm at 31 °C before aggregating. The singlet oxygen production was measured at 

increasing temperatures and compared to the free dye, and a copolymer of PNIPAM and the 

photocatalyst. Using TH@PC led to a complete suppression of singlet oxygen formation at elevated 

temperatures, outperforming the copolymer and highlighting an efficient on-off switchable 

heterogeneous photocatalyst. 

 

 

Figure 3.8 Synthesis route for encapsulated homogeneous methylene blue in thermoresponsive crosslinked PNIPAM 
shell.195 Reproduced with permission of the American Chemical Society Copyright © 2008. 

 

3.3.2 Microgels 

The formation of microgels allows for the swelling of colloids in solvents. Ideal support for 

photocatalytic moieties allows for larger pore sizes and better substrate diffusion.  

Save and coworkers reported the first photocatalytic microgel based on vinyl acetate, N-vinyl 

caprolactam, and divinyl adipate as crosslinker.188 The colloids were formed through miniemulsion 

polymerization, including functionalized rose bengal as a photocatalyst. (Figure 3.6 (2), Figure 3.9) The 

resulting microgel was designed to swell in ethanol and reached a hydrodynamic radius of 260-285 

nm, depending on crosslinker concentration. The photocatalytic capabilities of the microgel were 

analyzed via singlet oxygen quenching with furfuryl alcohol and diphenylisobenofuran performed in 

water or ethanol, respectively. Measured singlet oxygen quantum yields show a lower performance 

for the microgel than the free dye. The microgel collapses in water, and the singlet oxygen quantum 

yield is significantly reduced. Nevertheless, even in ethanol, the free dye outperforms the microgel, 

although the gap is reduced. However, the microgel could be repeatedly used for up to five cycles 

without significant loss in efficiency. Further, the stability of the microgel was highlighted, showcasing 

reduced photobleaching under irradiation compared to the free dye. 
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Figure 3.9 Schematic miniemulsion polymerization for the synthesis of photocatalytic microgels.188 Reproduced with 
permission from the Royal Society of Chemistry. 

 

In further work, the microgel was applied for heterogeneous photocatalysis in flow.222 The microgel 

was used in a gas-liquid-solid setup for the in-flow photocatalytic conversion of α-terpinene to 

ascaridole in ethanol. Through the usage of a flow setup, light penetration could be significantly 

increased, leading to a fast conversion. The authors assume that the gas-liquid-solid setup leads to an 

effective mixing of substrates and more efficient oxygen transport. The usage of a microgel allowed 

the recycling of the heterogeneous material and reduced the amount of photobleaching compared to 

the free dye. Highlighting the application of a heterogeneous photocatalytic system over its 

homogeneous counterparts and supporting the previous findings.188  

 

A temperature-responsive photocatalytic microgel was reported by Ferguson et al.208 Comparable to 

Shiraishi et al. work,195 the LCST of P(NIPAM) was exploited to exercise control over the photocatalytic 

activity. Emulsion polymerization of NIPAM, crosslinker, and a diphenyl-benzothiadiazole-based 

photocatalyst yielded a microgel with a diameter of 190 nm. (Figure 3.6 (5)) However, the microgel 

diameter decreased sharply to 70 nm upon heating, hindering the photocatalytic activity. The system 

was used for four photoreactions, including the oxidation of NADH to NAD+. The controllable on-and-

off switching of the photocatalytic microgel was proven through two kinetic measurements. The NADH 

conversion was monitored at 25 and 40 °C, reaching 70% conversion at 25 °C, while no significant 

conversion was observed at 40 °C. 
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3.3.3 Star Shaped Polymers and Dendrimers  

Star-shaped polymers possess a single central core with multiple extending polymer chains. The 

polymer chains can be used to increase the solubility of the core in various solvents and introduce 

thermo- or pH-responsive behavior. The introduction of a small molecule photocatalyst into a star 

shape polymer could lead to an accessible photocatalytic center stabilized by the polymer chains. 

Zuo et al. synthesized a star-shaped polymer based on a porphyrin core (THPP) and 

poly(2-(dimethylamino)ethyl methacrylate (PDMAEMA) chains.215 (Figure 3.6 (7)) The amphiphilic star-

shaped polymer possessed a hydrophobic core, complexing platinum and hydrophilic polymer chains 

creating unimolecular micelles (UMs). At low pH, PDMAEMA is protonated and increases the solubility 

of the UMs in water. Upon deprotonation, the polymer chains became hydrophobic, and the UMs 

aggregated. (Figure 3.10) The system was used for photocatalytic H2 evolution using ascorbic acid as a 

sacrificing agent. Under low pH, the star polymers self-assembled into ultra-small Nanoparticles with 

a high hydrogen generation rate of 2028 μmol g−1h-1. A high pH-value led to aggregation and 

precipitation, hindering the mass transfer and reduced the catalytic activity to 172 μmol g−1h-1. In 

comparison, combining Pt-loaded THPP with linear PDMAEMA leads to the aggregation of the 

photocatalyst and a low H2 generation of 26.3 μmol g−1h-1. 

 

sf1 

Figure 3.10: Working mechanism of pH-responsive star-shaped polymer with hydrophobic porphyrin core.215 
Reproduced with permission of the Chinese Chemical Society © 2020. 

 

Further thermoresponsive photocatalytic designs were reported by Duan and coworkers utilizing ATRP 

to synthesize a series of thermoresponsive photocatalytic star-shaped copolymers. Combining PNIPAM 

chains with porphyrin or phthalocyanine derivatives as photocatalysts and hydrophobic cores.212-214 

(Figure 3.6 8&9) The synthesized photocatalysts were used to photodegrade organic dyes and could 

be recycled by precipitation at higher temperatures. 
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Dendrimers 

Over the years, dendrimers have attracted attention for possible use in drug delivery, biomedical or 

industrial applications.229,230 Dendrimers have a highly symmetric, branched structure consisting of 

three parts. A core, branches called generations, and terminal functional groups give dendrimers their 

tree-like three-dimensional network. Their highly branched structure with accessible, functional 

groups makes them possible support material for the fixation of small molecular photocatalysts. 

Guerra et al. reported the combination of a second-generation polyamidoamine (PAMAM) dendrimer 

with a fixated ruthenium-based photocatalyst for continuous flow photocatalysis.196 (Figure 3.6 (10)) 

In the first step, PAMAM was functionalized with a bipyridine group to allow the complexation of 

Ru(bpy)2Cl2, leading to a recyclable heterogeneous photocatalyst. (Figure 3.11) It was reported that 

from 16 terminal groups per dendrimer, on average, 14.7 could be functionalized. The photocatalyst 

was then used in a continuous flow to catalyze three photoreactions and compared to the 

homogeneous equivalent. Using the dendrimer for the halogenation of alcohols showed near-

complete conversion. Additionally, the halogenation of alcohols, a reductive ring opening of chalcone- 

α,β-epoxide, and an azide reduction were performed, achieving comparable results to the 

homogeneous photocatalyst. The material could be recycled with the benefit of little to no ruthenium 

leaching but required nanofiltration. 

 

 

Figure 3.11 Synthesis route for photocatalytic dendrimer. Based on second generation PAMAM dendrimer.196 
Reproduced with permissions from the Royal Society of Chemistry.  

 

Other examples of the possible combination of photocatalytic moieties and dendrimers were reported 

by Chavan et al. synthesizing porphyrin-functionalized dendrimers.197 The dendrimers were based on 

halogenated pyrimidine derivatives, functionalized with phenolic porphyrin via nucleophilic aromatic 

substitution. The yielded dendrimers were used for the photooxidation of six olefins via singlet oxygen, 

yielding the corresponding allylic hydroperoxides. Although near-complete conversions were 

achieved, all olefins formed regioisomers upon oxidation. The dendrimers could further be recycled 
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via nanofiltration, but the recycling test showed significant photodegradation of the porphyrin. Further 

photodegradation experiments over 20 h at 0 °C showed a decrease in absorbance by 75%. 

 

3.3.4 Porous Three-Dimensional Networks 

In addition to the formation of particles, microgels, and dendrimers, polymers can also be used to 

synthesize highly porous three-dimensional networks. These structures can have a high surface area 

and chemical stability, making them ideal substrates for incorporating photocatalytic moieties. 

Depending on the chosen monomers, crosslinker concentrations, and polymerization methods, rigid 

structures, as well as organo- or hydrogels, can be synthesized.  

Save and coworkers prepared a heterogeneous honeycomb structured photocatalyst via NMP of 

styrene and 4-vinylbenzyl chloride followed by breath figure self-assembly.218 The breath figure 

process utilizes small water droplets as templates, while the more polar functional groups of the 

polymer position at the water surface area. The honeycomb structure self-assembles during 

evaporation of the solvent under highly humid airflow. A statistical copolymer was synthesized via 

NMP, and the photocatalytic moiety rose bengal was grafted on the polymer. (Figure 3.6 (1)) Through 

nucleophilic substitution, approximately 1/6 of copolymer chains were functionalized. The 

heterogeneous photocatalyst consisted of three layers and pore sizes of 2-2.5 µm. In contrast, using 

non-grafted rose bengal in combination with the statistic copolymer led to a disruption of the self-

assembling and a non-porous film. Further leaking of RB was observed in the non-covalently bound 

version. The heterogeneous photocatalyst was used for the photooxidation of 1,5-dihydroxy 

naphthalene and α-terpinene in ethanol under visible light irradiation. The honeycombed structured 

photocatalyst outperformed the non-porous film in both cases. Nevertheless, a significant amount of 

photobleaching was observed for the covalently bound photocatalyst, reducing its adaptability. Over 

a span of eight hours, 75% of the grafted rose bengal was degraded, which was attributed to the 

general low photostability of rose bengal. 

 

A non-covalent surface modification was reported by Li et al., modifying polydimethylsiloxane (PDMS) 

with rose bengal for cross-dehydrogenative coupling reactions of tetrahydroisoquinoline.207 (Figure 3.6 

(1)) A highly porous sponge-like PDMS structure was created using a sugar template method.231 (Figure 

3.12) 

The PDMS sponge was then functionalized over three steps with 2-(methacryloyloxy) ethyl 

trimethylammonium chloride yielding ammonium groups on the surface. Through ion exchange, the 

disodium salt of rose bengal was non-covalently attached to the surface, yielding a heterogeneous 

PDMS-based photocatalyst. SEM and EDS mapping show a highly porous 3-dimensional structure with 

homogeneous photocatalyst distribution. As photoreactions, a scope of 16 cross-dehydrogenative 

coupling reactions was performed, reaching high conversions and highlighting the recyclability over 15 
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cycles. The sponge was further used for an upscaled one-gram reaction using a continuous flow 

reactor, reaching 88% conversion over 48 h under green light irradiation.  

  
Figure 3.12: Non-covalent surface modification of a heterogeneous PDMS sponge with rose bengal.207 Reproduced with 
permission from the Royal Society of Chemistry. 

 

Li et al. reported the usage of high internal phase emulsion (HIPE) polymerization to synthesize a highly 

porous photocatalytic polymer.206,224 HIPE polymerization allows the synthesis of porous and tunable 

polymer networks and is a promising support for photocatalysts. Five heterogeneous photocatalysts 

were synthesized based on styrene and divinylbenzene and using a functionalized boron-

dipyrromethene (BODIPY) as a photocatalyst (BODIPY)-HIPE). (Figure 3.6 (11)) The created material 

possessed up to 6.5 wt.% of photocatalyst and had an average cavity size of 10 µm diameter, reaching 

up to 40 µm. The fluorescence peak could be observed at 509 nm, giving a high quantum yield of 0.72. 

The heterogeneous photocatalyst was used for the photooxidation of five organic sulfides in methanol 

using visible light (400 to 700 nm). The material could be recycled and was used up to nine times, 

reducing the overall conversion from 99% to 90%.   

Even though (BODIPY)-HIPE showed photocatalytic activity, the incorporated photocatalytic moiety 

was distributed evenly in the material and not only on the surface, reducing the efficiency. For this 

reason, Li et al. improved this work by functionalizing the heterogeneous support after polymerization 

instead of through direct copolymerization.206 Styrene, divinyl benzene, and 4-vinylbenzyl chloride 

were copolymerized via HIPE, and the resulting porous material was functionalized using sodium azide. 

(Figure 3.13) Through a click reaction, a functionalized iodo-BODIPY photocatalytic moiety was 

covalently attached to the surface of the heterogeneous support material. (Figure 3.6 (12)) The 

material had a lower cavity diameter of approximately 4.5 µm than its predecessor, a surface area of 

230 m2g-1, and a photocatalyst loading of 15.32 wt.%. The smaller pore size was attributed to a possible 

collapse during the surface modification. The photooxidation of five organic sulfides was performed 

and compared to the previously reported (BODIPY)-HIPE.196 It was shown that the heterogeneous 

photocatalyst using an iodo-BODIPY possessed a higher photocatalyst loading concentrated on the 

polymer surface and achieved a higher conversion rate. 
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Figure 3.13 Synthesis of the heterogeneous support via HIPE followed by surface modification through azide-alkyne 
cycloaddition.206 Reproduced with permission of Wiley‐VCH © 2017. 

 

3.3.5 Macrogels 

The formation of a macrogel allows for the usage of flexible polymer networks as support. Allowing for 

swelling in solvents and increasing diffusion of substrates, allowing for better photocatalyst-substrate 

interaction. 

A further organogel was recently reported by the group of Zhang.203 A photocatalytic moiety based on 

a donor-acceptor design was randomly copolymerized with a PEG-crosslinker and methyl 

methacrylate. The resulting organogel readily swelled in nitromethane and was correspondingly used 

for [4+2]-cycloadditions under blue light irradiation. Vinyl-functionalized diphenyl benzothiadiazole 

was used as a photocatalytic moiety, allowing quick cycloaddition of trans-anethole and isoprene. 

(Figure 3.6 (6)) A substrate scope of eleven substrates was demonstrated, achieving high conversion 

and allowing the recycling of the heterogeneous photocatalyst.  

In further work, the crosslinked organogel was modified through an additional monomer.232 Through 

additional sodium 4-vinyl benzenesulfonate, the hydrophilicity of the gel could be tuned to allow 

swelling in water. The network could be used under visible light irradiation for pollutant degradation 

in water. Four pollutants in the form of 2,4-dichlorophenol, diethyl phthalate, acetophenone, and 

bisphenol-A could be degraded under an oxygen atmosphere. 

 

3.3.6 Conclusion 

The combination of small molecular photocatalysts with classical polymers allows the design of novel 

photocatalytic materials with control over morphology and material properties, which addresses the 

drawbacks of heterogeneous photocatalysts while also stabilizing small molecular photocatalysts. In 

this work, chapters 5.1 and 5.2 combine a fully organic small molecular photocatalyst with classical 

polymers. In chapter 5.1, linear copolymers were synthesized to analyze the effect of the comonomer 

on the photocatalytic efficiency and photophysical properties, while in chapter 5.2, a high 

transmittance photocatalytic hydrogel was created, allowing for efficient pollutant remediation under 

visible light irradiation.   
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 Combining Photocatalysis with Proteins  

 

In nature, enzymes perform a critical role by catalyzing a wide variety of essential reactions under mild 

and benign conditions. As biological catalysts, enzymes are complex biomolecules based on a 

polypeptide amino acid sequence, which gives enzymes their three-dimensional structure. This protein 

scaffold, in combination with an often-required cofactor, allows the efficient and highly effective 

catalysis of stereo- and regioselective reactions. These reactions are often substrate-specific and can 

target non-reactive parts of the substrates, which are often not achievable with a common catalyst. 

An example being the Flavin-dependent halogenase RebH enabling the regioselective C-7 halogenation 

of tryptophan.233,234 

Although used for fermentation since ancient times, the actual discovery of enzymes is contributed to 

Anselme Payen in 1833.235,236 Kühne in 1877 introduced the now commonly used term “enzyme”, but 

only by 1894 the now famous lock and key model was introduced by Emil Fischer.237,238  

Nevertheless, only over the last decades has enzyme usage in industrial processes been explored as an 

alternative to classical catalysts. In recent history, two prominent figures contributed to the now rapid 

development and continuous research into protein engineering. Smith received the Nobel Prize in 

Chemistry in 1993 for his work on site-directed mutagenesis in 1978.239 Further, Arnold and Stemmer 

were bestowed with the Nobel Prize in 2018 for their work on directed evolution.237,240-242  Since then, 

usage of public databases in combination with computational analysis of sequence homology has led 

to a stark increase and access to modified enzymes, allowing for a wider range of possible 

applications.243-246  

Due to their abilities, enzymes have recently attracted a lot of attention as a more environment-

friendly and efficient approach to catalyze reactions in industrial applications like the synthesis of drugs 

or high-value chemicals.247-249 Enzymes possess several advantages over regular chemical catalysts, 

including the previously mentioned capabilities to catalyze highly selective and specific reactions while 

considering stereo and regioselectivity, resulting in fewer side products and reducing the amount of 

undesired site products. Further advantages are the mild reaction conditions in which proteins 

operate. Lower temperature and pressure are required, reducing energy consumption while also using 

water as a green solvent. These benefits, combined with a fully biodegradable catalyst, lead to a highly 

sustainable approach, reducing their carbon footprint and the environmental impact of industrial 

processes. 

Additionally, replacing classical catalysts can remove the requirement for rare earth metals like 

ruthenium and iridium, often used in asymmetric catalysis. Substituting them with renewable 

resources prevents further mining and competition with other resource-demanding industries. 

Therefore, enzymes can be produced from less expensive resources, leading to further economic 



35 
 

benefits and a more independent industry and improving planning securities from the global supply of 

precious metal and possible cost fluctuations.250-252  

Nevertheless, significant hurdles still need to be overcome for a wider adaptation of biochemistry. First 

and foremost, the adaptation of enzymes is hindered by their own unique features. Enzymes substrate 

specificity is of significant importance in organisms but also limits their application range. As a result, 

changes in the peptide structure are often required to allow the combination with unnatural 

substrates. Due to their peptide structure and three-dimensional protein scaffold, enzymes are often 

incompatible with industrial processes as they can be sensitive to pH value, temperature, and solvent 

changes, leading to the denaturation of the biocatalyst.249,253,254 This low stability severely limits the 

compatibility with existing processes. The greatest challenge, however, is the dependence on costly 

cofactors in stoichiometric quantities, reducing the economic validations of enzymes over less efficient 

chemical procedures.255 In nature, these cofactors like nicotinamide adenine dinucleotide (phosphate) 

(NAD(P)) or flavin adenine dinucleotide (FAD) are constantly recycled and play a crucial role in their 

activity.  

 

The combination of photocatalysis with biocatalysis is a beneficial method to negate the dependence 

on expensive cofactors.255 Photocatalysis is a promising approach that meets the necessary 

requirements and offers an efficient synergetic effect. It is a gentle and environmentally friendly 

method, which allows for benign reaction conditions by utilizing visible light. Currently, two pathways 

are investigated to combine the benefits of these environmentally friendly catalytic methods, by either 

using the photocatalyst in solution for cofactor recycling or covalently binding the photocatalytic 

moiety to a modified protein. The need for stoichiometric usage of expensive cofactors can be negated 

by constant in situ recycling of these cofactors. Therefore, heterogeneous256,257 as well as 

homogeneous258-261 photocatalysts have been employed to regenerate the cofactor. In combination 

with an enzyme, these photocatalysts have been used to catalyze a variety of reactions, including 

reduction of α,β-unsaturated alkenes,259,262-264 reduction of aldehydes,256 oxidation of alcohols,257 

halogenations aromatic compounds.260,261  

This method requires no enzyme modification and allows one to choose a specific enzyme to catalyze 

a desired reaction, while the photocatalyst is chosen depending on the used cofactor. 

The downside of this method is that they are hard to optimize, as the used photocatalyst and enzyme 

possess different reactivity, leading to undesired side reactions or degradation of the enzyme.256,257 

Furthermore, these setups still require the presence of cofactors, are dependent on the efficiency of 

the enzyme, and can be outperformed by the enzymatic regeneration of cofactors.261 Another 

downside is the often required usage of mediators, complicating the systems further.262,264,265 

The preferable approach is, therefore, the development of a complete artificial photo-enzyme by 

covalently binding the photocatalytic moiety to the enzyme. This approach, in particular, is a highly 
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desirable aim as it pairs the benefits of enzymatic precision with the substrate range and capabilities 

of state-of-the-art chemical photocatalysts.  

 

3.4.1 Artificial Photoenzymes  

 

Artificial photoenzymes combine the benefits of photocatalysis with bioengineering by covalently 

binding a photocatalytic moiety to a protein. Compared to the free photocatalyst in solution, this 

improves the interaction between the protein scaffold and the photocatalytic moieties.266 These 

artificial photoenzymes are not dependent on a mediator or cofactors, or they are limited by diffusion. 

The photocatalyst can be used in combination with an actual cofactor for electron or energy transfer 

to the catalytic center.267,268 Further, through protein engineering, a photocatalytic moiety can be 

introduced as an active center while the protein scaffold is modified to increase reactivity, substrate- 

or stereoselectivity.266,269,270 

In 2010 Cheruzel and coworkers incorporated a photocatalytic moiety into the monooxygenases 

Cytochrome P450-BM3 from Bacillus megaterium for mechanistic investigation of the P450 catalytic 

cycle.268 The enzyme possesses a prosthetic Heme group, which catalyzes the hydroxylation of fatty 

acids. Through site-directed mutagenesis, three residues were replaced. Two native cysteine residues 

(C62A, C156S) were removed, while a non-native cysteine was introduced (K97C). After expression, 

the variant was bioconjugated with a functionalized ruthenium photocatalytic moiety [Ru(bpy)2(IA-

phen)]2+ (5-iodoacetamido-1;10-phenanthroline = IA-phen). The photoenzyme was used for transient 

absorption measurements with ruthenium(III)-hexamine trichloride as a quencher. Cheruzel and 

coworkers observed an electron transfer from the photosensitizer to the prosthetic Heme. 

Following these first findings, the group around Cheruzel used the photoenzyme for the hydroxylation 

of lauric acid in ω1-3-position under visible light irradiation, using sodium diethyldithiocarbamate (DTC) 

as sacrificing agent and removing the need for NAD(P)H as cofactor completely.271 

It could be shown that in comparison to the wild-type domain using H2O2 as an electron and oxygen 

donor, the two artificial photoenzymes Ru-Q397C-BM3 and Ru-K97C-BM3 had a higher TON. Further, 

using a photosensitizer in combination with DTC did not affect the regioisomer ratio. 

In further work, the stability and efficiency of the artificial photoenzyme could be significantly 

improved. By experimenting with the position of the photosensitizer, optimizing the proximity to the 

active Heme catalyst, and altering the photocatalytic moiety by functionalizing the bipyridine ligands 

with methoxy groups, the overall turnover number could be increased significantly. Outperforming 

previous publications in the same field, highlighting the impact of the moiety's positioning and 

combining photo- and biocatalysis capabilities.267 (Figure 3.14)  
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Figure 3.14. Comparison of the natural redox reaction and the pathway using the artificial photoenzyme. (top) Detailed 
interaction between the photocatalyst and the active center.267 Reproduced with permission from the American 
Chemical Society Copyright © 2013.  

Similarly to Cheruzel, Wang and coworkers mutated superfolder yellow fluorescent protein to create 

an artificial photoenzyme capable of reducing CO2.272 Introducing a photosensitizer in the form of 

benzophenone and a terpyridine nickel complexes as the active center to achieve an electron transfer 

under light irradiation. As the naturally occurring enzyme has an insufficient excited state lifetime, 

which would be too short for an efficient electron transfer, Tyr66 was replaced using genetically 

encoded benzophenone–alanine. Further mutating the enzyme by replacing Tyr203 with 

Phenylalanine yielded PSP1, and the photochemical reduction of PSP1 under irradiation in the 

presence of dithionite as a sacrificing agent was observed. Unfortunately, no biological sacrificial 

reduction agent was applicable due to the too-high reduction potential of benzophenone. Therefore, 

two further modifications were required (Tyr203Asp, His148Glu) to yield PSP2 by introducing charged 

residues in the area around the photosensitizer, the reduction potential could be modulated, and 

ascorbic acid could be used as sacrificing agent. X-ray crystallography further indicated a change in the 

confirmation of PSP2 with a rotation of the benzene ring upon irradiation and reduction.  

Three further mutations were performed to allow an efficient reduction of CO2, followed by the 

bioconjugation of a modified terpyridine ligand to an unnatural cysteine residue. Mechanistic 

investigations showed that a distance between the photosensitizer and catalyst is required to allow a 

two-electron transfer. The excited-state lifetime of the photosensitizer was determined in the 

presence and absence of ascorbic acid, yielding 123 µs and 34 µs. 
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Based on this success, Wang and coworkers increased the possible application range of the artificial 

photoenzyme.273 In further work, superfolder yellow fluorescent protein was again mutated to possess 

an unnatural benzophenone photosensitizer replacing Tyr66 and an unnatural cysteine residue. 

Through bioconjugation, an iodofunctionalized bipyridine ligand was covalently attached to the 

protein. Further complexation of Ni2+ yielded PSP-95-Ni2+(bpy). The resulting artificial photoenzyme 

was then used for the hydroxylation of aryl halides and C-N cross-coupling between 

pyrrolidine/imidazole and para-bromobenzylaldehyd reactions. The reactions were irradiated at 380 

nm and performed in DMF/Tris-HCl buffer (pH 8.8) under argon using DIPEA as a sacrificing agent. The 

photoenzyme allowed the hydroxylation of 21 substrates, including chloro-, bromo-, and iodo- aryl 

halides. (Figure 3.15) Further characterization and mechanistic investigation highlighted a long lifetime 

of the excited state of 158 µs. It could also be shown that the efficiency was altered by altering the 

distance between the photosensitizer and the nickel complex. The optimal distance between 

benzophenone and the metal catalyst was 1.19 nm, with shorter and longer distances reducing the 

conversion.  

 

 
Figure 3.15 Reaction scope for the hydroxylation of aryl halides using the synthesized artificial photoenzyme.273 
Reproduced with permission from the American Chemical Society Copyright © 2021.  
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In 2015, the group around Lewis created the first artificial photoenzyme in which the photocatalytic 

moiety was not used as a mediator for an existing cofactor but to directly act on a substrate.274 For this 

purpose, an oligopeptidase (POP) (from Pyrococcus furiosus) was first modified to possess four non-

natural alanine mutations (E104A, F146A, K199A, D202A) to form a small opening in the protein 

scaffold. Further, a non-natural azide-modified amino acid was introduced, replacing the catalytic 

active amino acid (S477Z). The 4-azido-phenyl alanine mutation (Z477) could then be bioconjugated 

with a bicyclo[6,1,0]nonyne functionalized 9-mesityl-10-methylacridinium (Mes-Acr+) perchlorate 

yielding the artificial photoenzyme (POP-ZA4-5). (Figure 3.16) Unfortunately, the overall 

bioconjugation only yielded a conversion of 50% in part due to the decomposition of the required azide 

functionalized amino acid. Regardless, the photoenzyme was then used for the photooxidation of five 

organic sulfides, achieving moderate conversion with five mol% catalysts under blue light irradiation.  

 

Figure 3.16 Synthesis of artificial photoenzyme through bioconjugation using azide-alkyne cycloaddition.274 
Reproduced with permission of WILEY‐VCH © 2015. 

In a similar approach, Schwochert et al. selected three protein scaffolds: aspartate dehydrogenase 

(AspDH), phosphoribosylamine-glycine ligase (GARS), and folylpolyglutamate synthase (FPGS) from 

Thermotoga maritima (TM) for the incorporation of iodoacetamide functionalized Mes-Acr+ 

photocatalytic moieties.266 (Figure 3.17) The proteins were chosen due to their comparable high 

thermostability and protein scaffold, which allowed the uptake of the moiety in a protein pocket. The 

proteins were mutated to include non-natural cysteine residue within the protein cavity, yielding two 

explicit variants per protein and six in total. The protein variations were then bioconjugated with two 

Mes-Acr+ derivatives, yielding 12 artificial photoenzymes. The photoenzymes were analyzed via 

fluorescence lifetime and quantum yield measurements. The protein scaffold and positioning of the 

photocatalytic moiety within the enzyme significantly impacted the photophysical properties. For 

example, in the case of Tm(AspDH)T223C-1b, the quantum yield compared to the pure photocatalyst 

(1a) increased by 2.45 times. All twelve variants were used for the photocatalytic oxidation of organic 

sulfides. Ten of the twelve variants showed an increase in conversion compared to the pure 

photocatalytic moieties for the oxidation of thioanisole to phenyl methyl sulfoxide. The most efficient 

photoenzymes were used to oxidize ten organic sulfides, with at least one variant outperforming the 

free catalyst in eight cases.  
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Figure 3.17 Functionalized Mes-Acr+ photocatalytic moieties (left) and the protein scaffolds for the bioconjugation 
(right) used for the photooxidation of thioanisole derivatives.266 Reproduced with permission of WILEY‐VCH © 2020. 

Lewis275 further incorporated covalently and non-covalently bound Ru(bpy)3
2+ derivatives into prolyl 

oligopeptidase (POP) from Pyrococcus furiosus (Pfu). This work aimed to catalyze the [2+2] 

photocycloaddition of 4-methoxystyrene and cinnamoyl imidazole and intramolecular cyclization 

dienones. Further, the photophysical and binding properties were intensively investigated. 

Overall, eight Ru(bpy)3
2+ derivatives with different functionalities like –CO2, –tBu, –NH2 –CH2NH3 were 

non-covalently attached to three variants while analyzing the dissociation constant. Further, six 

derivatives, including endo/L, endo/D, exo/L, and exo/D, were functionalized with an endo-[6.1.0]-

bicyclononyne (BCN) group and bioconjugated with five different variants possessing a non-natural 

genetically encoded azido phenylalanine. All variants were bioconjugated with a high conversion of 

over 99%, significantly improving the yield of artificial photoenzymes compared to his previous work. 

The fluorescence lifetime significantly differed depending on the used photocatalyst and the 

incorporation position. In the case of the covalently bound photocatalyst, all variants showed 

increased lifetimes compared to the free catalyst in water. 

Only covalently bound photocatalysts could be tested as the buffer salt and sacrificing agent quickly 

replaced non-covalently bound moieties. The photoenzymes showed higher conversions than the free 

dye, but unfortunately, no control over the enantioselectivity was observed. 

 

In 2022, the research groups of Green and Yuzhou Wu, independent of each other, developed artificial 

photoenzymes for intramolecular 2+2 cycloadditions, using direct evolution in combination with 

encoded benzophenone as photocatalyst. In both cases, the photocatalytic moiety was used for a 

triplet energy transfer to the substrate, requiring no further cofactors and allowing for high stereo- 

and regioselectivity.  

The research groups of Green used direct evolution of a computationally designed Diels-Alderase 

DA_20_00 combined with a genetically encoded benzophenone for the intramolecular [2+2] 

cycloaddition of 2-quinolone derivatives.269 Diels-Alderase DA_20_00 was originally designed to 
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catalyze thermally allowed [4+2] cycloadditions, and it was assumed that the active pocket of the 

scaffold could also support [2+2] cycloadditions. Benzophenone was chosen as a photocatalyst as its 

reactivity allowed the photocatalytic cyclization of 2-quinolone derivatives without selectivity. After 

incorporating the genetically encoded photocatalyst (BpA173), the artificial photoenzyme (EnT1.0) 

showed an increased reactivity and region- and enantioselectivity. Testing eight variants by introducing 

unnatural alanine residue in proximity to the photocatalyst yielded EnT1.1. EnT1.1 showed a significant 

increase in conversion as well as selectivity by introducing mutation M90A. In the following, a directed-

evolution workflow using saturation mutagenesis substituted residues in the active site and second 

coordination sphere. Testing of around 3.500 library members leads to the variant EnT1.3 with five 

further mutations. EnT1.3 increase the conversion for the intramolecular cycloaddition of 4-(but-3-en-

1-yloxy)quinoline-2 (1H)-one, from 12% with low region and enantioselectivity for variant EnT1.0, to 

100% (9:1r:r, <99% ee). With these results and high reactivity, a substrate scope with 13 derivatives 

was conducted. Interestingly, it was observed that EnT1.3 was not the superior photoenzyme for all 

substrates, and other variants were more efficient in four instances. Lastly, two bimolecular [2+2] 

cycloadditions were performed using 2-quinolone and methyl/ethyl vinyl ketone, reaching over 70% 

conversion and high enantioselectivity.  

 

Wu and coworkers used multidrug resistance regulator LmrR as a protein scaffold for intramolecular 

[2+2] cycloaddition of indole derivatives.270 Due to its high triplet state energy and lifetime of the 

excited state, 4-benzoyl phenylalanine was chosen as a photocatalytic moiety. The photocatalyst could 

catalyze the model reaction but without enantioselectivity. The substrate docking mechanism was 

predicted to optimize the protein scaffold and the photocatalyst's position. Residues assumed to be in 

close proximity to the protein pocket were reserved to increase substrate enzyme binding. At the same 

time, the genetically encoded photocatalyst was introduced to allow an efficient energy transfer. Four 

rounds of direct evolution were needed from the wild-type to optimize the artificial photoenzyme. The 

first generation of artificial photoenzymes introduced only the photocatalyst and showed a lower 

conversion than the free photocatalyst and no enantioselectivity (TPe1.0). In the second round, the 

previously calculated docking mechanism was proven right, and a previously reserved residue was 

mutated (W96L) to allow a significant increase in enantioselectivity. After the third round, the 

photoenzyme (TPe3.0) achieved 54% conversion (77% ee) within one hour compared to 89% for the 

free photocatalyst in 12 h. Unfortunately, the artificial photoenzyme showed a highly substrate-

specific behavior, and testing further indole derivative led to a significant drop in enantioselectivity 

while achieving high conversions 

Therefore, further mutations were performed, and the photocatalyst 4-benzoyl phenylalanine was 

replaced through 3′-fluoro-4-benzoyl phenylalanine. The additional fluoro group proved beneficial for 

conversion and stereoselectivity, as it further stabilized the substrate in the scaffold through additional 

H···F bridges.  
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The optimized photoenzyme achieved between 80% and 97% conversion with high enantioselectivity 

for 15 substrates. Comparable to the results of Green's work, not one specific enzyme variation could 

outperform the others, and depending on the substrate, different enzymes showed a higher 

conversion or enantioselectivity.  

 

To this day, the stereoselectivity and substrate-specific reactivity of enzymes surpass conventional 

catalysts, and especially the design of stereo- and or regioselective photocatalysts is a challenging field 

due to limited interaction between the photocatalyst and substrates.226 The design of artificial 

photoenzyme possesses the potential to combine enzymatic precision with photocatalytic prowess 

under benign reaction conditions while removing the dependency on cofactors.255 However, the design 

of artificial photoenzyme is a novel field requiring further research to design efficient systems 

comparable to existing alternatives. 

In chapter 5.3, a fully organic artificial photoenzyme was created through bioconjugation of a small 

molecular photocatalyst into a human steroid carrier protein. (SCP-2L)  

In total, three variants with differing binding positions were created, and the influence of the 

positioning was studied.  
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 Characterization Techniques 
 

The following chapter provides an overview about the characterization methods and techniques 

utilized in this work. Small molecular photocatalysts were synthesized and incorporated into 

macromolecular structures, including linear polymers, crosslinked hydrogels, and protein scaffolds. 

These materials were characterized and consequently used for photocatalytic reactions. Therefore, all 

projects use overlapping techniques like gas chromatography–mass spectrometry or UV/Vis- and 

fluorescence spectroscopy, while other characterization methods were specifically used in a single 

project. 

 Gas Chromatography–Mass Spectrometry  

A gas chromatography-mass spectrometer (GCMS) combines the separation capabilities of a gas 

chromatograph with the sample analysis of a mass spectrometer. A GCMS consists of an injector, a 

column located within a temperature-controlled oven, as well as a mass spectrometer. ( 

Figure 4.1) A gas chromatograph uses an inert gas as mobile phase, which carries the sample through 

the column. The retention time of the sample depends on the volatility of the sample as well as its 

interaction with the stationary phase and the used temperature gradient.  

During a measurement, a sample is placed in the injector and vaporized. In combination with the 

carrier gas, the sample is then injected on the column where the molecules separate and enter the 

mass spectrometer. In the MS, molecules are ionized and fragmented, yielding the corresponding mass 

spectrum. The GCMS is an efficient analysis tool used for the analysis of volatile samples up to 300 °C. 

In combination with a standard, it can further be used for concentration determination. Larger 

molecules, on the other hand, like proteins, polymers as well as salts, cannot be analyzed with this 

method.  

In this work, GCMS measurements were performed to analyze the products of photocatalytic 

reactions, and kinetic experiments were monitored. The conversion and yield can be determined in 

two ways. A standard of known concentration can be measured against the substrates as a calibration 

curve, or the conversion can be determined through the ratios of substrates. 

 

Figure 4.1: GCMS set up consisting of the injector and preheater, oven with column as well as the mass-spectrometer. 
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 Liquid Chromatography–Mass Spectrometry 

Similar to a GCMS, liquid chromatography–mass spectrometry (LCMS) combines a liquid 

chromatograph for the separation of molecules with the analysis methods of a mass spectrometer. In 

comparison to a GCMS, a LCMS uses a liquid mobile phase in combination with an immobilized 

stationary phase. Ultrahigh liquid chromatograph uses pressures of up to 120 mPa and allows for the 

separation of larger non-volatile molecules like proteins or peptides using solvent mixtures as mobile 

phase.  

In the last project, (chapter 5.3) LCMS measurements were used to characterize purified proteins and 

bioconjugated artificial photoenzymes. 

 

 Gel Permeation Chromatography   

Gel permeation chromatography (GPC) is one of the most commonly used analytic tools to determine 

the molecular weight of polymers. GPC is a form of size exclusion chromatography and uses differences 

in the hydrodynamic radii to achieve separation. Like other chromatography methods, GPC consists of 

a mobile and stationary phase, with the stationary phase consisting of a porous material. With no 

direct interaction between the polymer and stationary phase, the separation solely depends on the 

hydrodynamic radius, with larger molecules eluting before smaller ones. Due to the porous material, 

smaller molecules can enter into more caveats, increasing the retention time.  

Compared to static light scattering or NMR spectroscopy, GPC is not an absolute method, requiring a 

measured standard with known molecular weight and distribution to which a measured sample can 

be compared. GPC was used in chapter (5.1) to determine the molecular weight of synthesized 

polymers and their dispersity.  

 

 UV/Vis-Spectroscopy 

UV/Vis-spectroscopy is an analytic method to measure wavelength-dependent transmission and 

absorption of a molecule in visible and ultraviolet light. In a UV/Vis spectrometer, a sample, most often 

dissolved and placed in a cuvette, is irradiated with monochrome light. (Figure 4.2) 

 

Figure 4.2 UV/Vis-spectrometer. Consisting of a light source, monochromator, cuvette and detector. 

The absorption of light occurs when the photon energy is sufficient to excite an electron from the 

HOMO to the LUMO. Due to this process, the overall light intensity (I0) is reduced while transitioning 
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the sample. Comparing the light intensity to a blank measurement gives the absorbance of the 

molecule at a specific wavelength. The absorbance A follows the Lambert Beer law (eq.1) and depends 

on the concentration c, the molar extinction coefficient ε, and the diameter of sample d.  

A = log (
𝐼0

𝐼
) = ε ∗ c ∗ d (1) 

UV/Vis-spectroscopy was used to analyze the synthesized photocatalyst and determine concentrations 

and kinetic measurements. 

 

 Photoluminescence Spectroscopy 

Photoluminescence spectroscopy is an analytic method to measure the photon emission of molecules 

upon light irradiation. Upon light irradiation, a photoluminescence molecule is excited from the ground 

state S0 into an excited state Sn. As the excited state is unstable, a transition to the back to the ground 

state via radiative or non-radiative transitions occurs. Radiative transitions include fluorescence or 

phosphorescence after inter-system-crossing (ISC). Compared to the absorbance, photoluminescence 

is shifted to a higher wavelength due to vibration relaxation, which is called Stokes shift. In a 

photoluminescence spectrometer, the detector is angled to the excitation beam to prevent 

interference with the detection. Through the usage of monochromators, the photoluminescence can 

be analyzed without interference of the excitation wavelength. (Figure 4.3) 

  

Figure 4.3: Fluorescence spectrometer setup (left); Jablonski-Diagram with absorbance and possible radiative 
transitions fluorescence, and phosphorescence (right). 

In combination with a standard, photoluminescence spectroscopy can be used to determine the 

quantum yield of a sample. (eq.2) The quantum yield of a molecule is defined as the ratio of emitted 

photons to the number of absorbed photons. 

 

𝜙 =
𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑚𝑖𝑡𝑡𝑒𝑑 𝑝ℎ𝑜𝑡𝑜𝑛𝑠

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 𝑝ℎ𝑜𝑡𝑜𝑛𝑠
 (2) 
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As photoluminescence is readily quenched by a variety of molecules, including oxygen, all samples 

need to be measured in the absence of air. Nevertheless, this effect can also be used to analyze the 

interactions between quenchers and photoluminescence molecules by controlled addition of known 

quencher concentrations. 

Lastly, time-resolved photoluminescence (TRPL) is an analysis method to determine the lifetime of the 

excited state (τ0) of a molecule. After irradiation of a photoluminescence molecule, the molecule 

relaxes back to the ground state depending on the form of relaxation and stability of the excited state. 

This process can range from pico- to nanoseconds for fluorescence and up to milliseconds for 

phosphorescence. Long lifetimes are an essential requirement of efficient photocatalysts, involving 

energy- and electron transfers but can be influenced by a variety of factors including solvents or 

quenchers.  

Photoluminescence spectroscopy was used to determine changes in the emission depending on the 

photocatalyst’s surrounding. Further, TRPL and quantum yield measurements were performed in 

chapter 5.1 to investigate the comonomer impact on the photocatalytic moiety. 

 

 Fourier-Transform Infrared Spectroscopy 

Fourier-transform infrared spectroscopy (FTIR) is an analytic method to characterize molecules via 

infrared absorption. In contrast to UV/Vis spectroscopy, FTIR uses wavenumbers in the range of 

4000 cm-1 to 700 cm-1. It can be used to identify specific functional groups within a molecule based on 

their vibration. A molecule can vibrate in different modes, including stretching or bending of chemical 

bonds. If these vibrations induce a dipole moment, IR irradiation can be absorbed by the molecule, 

leading to the absorption of IR light at specific wavelengths, which are characteristic for the functional 

group. The resulting IR spectrum can be used to identify the functional groups present in the molecule, 

while the region between 1200-700cm-1 is referred to as fingerprint region due to its unique nature 

depending on the molecule. 

FTIR spectroscopy was used to characterize polymers and copolymers and identify specific functional 

groups. 

 

 Cyclic Voltammetry 

Cyclic voltammetry is an analytic method designed to measure the reduction and oxidation potential 

of molecules.276 The measurement apparatus consists of three electrodes within an electrolyte 

solution (Figure 4.4). The three electrodes include a working electrode out of graphene or gold, a 

counter electrode out of platinum, as well as a reference electrode. As the redox potential is measured 

against the reference electrode, the electrode potential needs to be well established. Nevertheless, a 
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variety of different reference electrodes, including saturated calomel or silver chloride electrodes, 

exist. 

Measurements are either performed with the sample being fully dissolved in an electrolyte solution or 

in cases of insufficient solubility as a membrane, directly formed on the working electrode. The 

electrolyte solution further requires a large enough potential window as well as the absence of oxygen 

and water to prevent interference. During the measurement, a potentiostat is used to apply a voltage 

on the working electrode while measuring the current. Upon reaching the oxidation or reduction 

potential of the sample, a current can be detected between the working and counter electrode. (Figure 

4.4) By plotting the applied current against the measured current, cyclic voltammetry measurements 

were performed to determine the reduction onset of the photocatalytic moieties.  

 

Figure 4.4 Depicturing of an electrochemical cell.276 Reproduced with permission of The American Chemical Society 
and Division of Chemical Education, Copyright © 2017.  

 

 Nuclear Magnetic Resonance Spectroscopy  

Nuclear magnetic resonance spectroscopy (NMR) is used to determine the molecular structure of a 

chemical and is additionally used to determine the purity of a synthesized material or measure reaction 

kinetics. Nuclei can possess a nuclear spin (I), with common isotopes like 1H, 13C, and 31P possessing a 

nuclear spin of I= ½. Due to this spin, nuclei have a magnetic momentum, which is proportional to the 

intrinsic gyromagnetic ratio (γ) and the angular momentum (L).  

 

µ = 𝛾 ∗ 𝐿 (4) 

 

In the absence of an external magnetic field, the spin states are degenerated. Upon being placed in an 

external magnetic field (B0), a spin alignment occurs, leading to distinct energy levels. (Figure 4.5) In 

the case of I= ½ the spin can align as ms= + ½ and – ½ with the energy difference depending on the 

magnetic field strength as well as the magnetic momentum. Through irradiation of the sample with 

radio frequency, the spin state of the nuclei can be excited, leading to the absorbance of specific 

frequencies.  
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Figure 4.5 Energy splitting of a nucleus in an applied magnetic field with a spin of ½. 

Due to the natural abundance and intrinsic gyromagnetic ratio of different isotopes NMR spectroscopy, 

possess large differences in sensitivity, which can be counteracted by stronger magnets and 

corresponding magnetic fields as well as longer measurement times and increased sample 

concentration. (Table 4.1), 

Table 4.1: Isotopes and their intrinsic properties.277 

Isotope Spin Gyromagnetic ratio (107 rad⋅s−1⋅T−1) Natural abundance (%) Relative sensitivity 
1H 1/2 26.752 99.9 1.000 
13C 1/2 6.728 1.1 0.016 
31P 1/2 10.841 100.0 0.066 

 

Solid state NMR (ssNMR) is a particular form of NMR using crystalline or amorphous samples without 

solvent and is commonly used for insoluble samples. The lack of mobility and anisotropic interactions 

leads to a broadening of the signals in NMR spectra. Magic angle spinning (MAS) is used to offset this 

effect; therefore, the sample is spun at high frequency in the kHz region around its one axis, while 

angled in 54.7° degree to the applied external magnetic field.  

In this work 1H-, 13C-, 31P-NMR spectroscopy was conducted in solution to characterize synthesis 

products and conducted kinetic experiments. 13C-ssNMR spectroscopy was conducted to characterize 

synthesized photocatalytic hydrogel.  
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 Data and Results 
 

In the following chapter, a single photocatalytic moiety, diphenyl-benzothiadiazole, is functionalized 

and incorporated into three support materials to introduce beneficial material properties and analyze 

the support influence on the photocatalyst. Therefore, the photocatalytic moiety was introduced into 

linear copolymers, a hydrogel, and a protein scaffold through radical copolymerization or 

bioconjugation. 

The following data and results section is separated into three chapters, with the first two chapters 

combining the photocatalyst with linear polymers and a hydrogel, while the last chapter covered the 

synthesis of artificial photoenzymes.  

  

In the first chapter, a vinyl-functionalized photocatalytic moiety was copolymerized with styrene, 

methyl methacrylate, and acrylonitrile to analyze the effect of the copolymer on the photocatalyst. 

Therefore, the photophysical properties of the comonomer were analyzed via UV/Vis-Absorbance, 

emission, and excitation spectroscopy, as well as fluorescence lifetime and quantum yield 

measurements. Additionally, kinetic studies of three photocatalytic reactions were performed, 

highlighting the copolymer influence on the photocatalytic process. 

  

In the second chapter, an acrylamide-functionalized photocatalytic moiety was copolymerized with 

N,N-dimethylacrylamide and N,N′-methylenebis(acrylamide) to create a high transmittance hydrogel. 

The hydrogel support readily swells in water, allowing for high light penetration and substrate diffusion 

while reducing light scattering. The photocatalytic hydrogel required only a low photocatalyst 

concentration (2 mol%) and was used for the photodegradation of wastewater pollutants. The benefits 

of the high transmittance were highlighted by upscaling the photodegradation of glyphosate to a gram 

scale.  

  

In the last chapter, an iodoacetamide-functionalized photocatalyst was bioconjugated to three steroid 

carrier protein (SCP-2L) variants, creating artificial photoenzymes. The three variants possessed non-

natural cysteine residues within the protein scaffold and enabled the covalent binding of the 

photocatalyst. The influence of the photocatalyst position was analyzed via UV/Vis absorbance and 

emission spectra and kinetic measurements of the photooxidation of an organic sulfide.  
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 Comonomer Effects in Photocatalytic Classical Polymers  

 

This chapter is based on the article “Comonomer effects in photocatalytic classical polymers”, which is 

currently submitted and positively reviewed by RSC Applied Polymers. I synthesized and characterized 

the material and performed the photocatalytic reactions. DFT calculations were performed by Julian 

Heuer. 

The copolymerization of photocatalytic moieties into polymeric material has emerged as a new 

development platform for heterogeneous photocatalysts. Classical polymers enable a variety of 

different structural designs like hydrogels and nanoparticles to be produced. Incorporating small 

molecule photocatalysts into polymeric structures has created a new class of heterogeneous 

photocatalysts. However, little is known about the interaction and influence of the classical polymer 

composition on photocatalytic efficiency. Here, a vinyl functionalized benzothiadiazole photocatalyst 

was copolymerized with three dramatically different monomers, methyl methacrylate, styrene, and 

acrylonitrile, via free radical polymerization, and the effect of the comonomer choice on the 

photocatalytic efficiency was investigated. 

 

5.1.1 Motivation: Missing Link Between Classical Polymers and Photocatalysis  

 

Photocatalysis uses visible light to facilitate chemical reactions and can remove the need for thermal 

energy, establishing itself as a more environmentally friendly alternative to classic catalysis.186,278,279 

Rapid development over the last decade has provided access to a wide range of reactions previously 

only achieved through classic catalysts.13,33,226,280 At the same time, as the range of possible applications 

increases, new photocatalytic systems are developed to improve upon existing limitations, such as 

photobleaching, limited light penetration, or substrate scope. Homogeneous photocatalysts based on 

rare earth metals or organic dyes are by now well established, with examples like eosin y or ruthenium-

based photocatalysts proving their capability and wide range of possible applications.281-283 Due to their 

homogeneous nature, these dyes are exceptionally efficient but suffer from a range of downsides. 

Photobleaching, poor recyclability, and the usage of precious earth metals hinder their adaptation.77,78   

Heterogeneous metal-free photocatalysts built from conjugated frameworks emerged to negate these 

traits,184,284-287 allowing for easy tuning of the band gap while being easy to recycle and cost-efficient. 

Unfortunately, metal-based or metal-free heterogeneous systems are hampered by diffusion 

limitations of the substrate and low light penetration, rendering large amounts of catalyst inactive 

during a reaction.288-290 Further, their morphology and material properties are often directly dictated 

by their need for a conjugated π-system. As a result, it is hard to modify these systems or alter their 

material properties for specific applications. 
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An ideal photocatalyst would possess the benefits of both homogeneous and heterogeneous systems, 

achieving high efficiency while allowing the altering of material properties.209 A recent development 

is, therefore, the fixation of photocatalytic moieties on support material to combine the versatility and 

application range of single photocatalytic moieties with the material properties of the support. 

Allowing for a wide variety of possible structures while material properties can be easily adjusted. One 

of the easiest and most efficient ways to incorporate single photocatalytic moieties into the support 

material is their copolymerization via free or controlled radical polymerization.199,223 Polymers are an 

ideal platform as support material possessing a variety of classic monomers, giving control over 

material properties and structural design. Allowing for a covalent integration of the photocatalyst into 

a wide variety of structures like hydrogels, microgels, or responsive nanoparticles.188 These structures 

can be optimized for specific needs like solvent compatibility, light transmittance, or position of the 

photocatalyst, with the comonomer determining the material properties, which are chosen for a 

desired outcome, leading to a highly flexible platform. Interestingly, while it is well known that the 

structure design and solvent can directly influence the photocatalytic efficiency, the monomer used in 

the copolymerization is chosen due to the desired material properties of the polymer. The interaction 

between the photocatalyst and the comonomer is often an afterthought. Assuming negligible 

interaction between the photocatalyst and surrounding polymer, having minimal influence on the 

photocatalytic efficiency. 

Kobayashi and Yoo reported the usage of a polymer-immobilized Iridium catalyst for the 

phosphorylation of N-aryl tetrahydroisoquinolines. The catalyst was functionalized to allow 

copolymerization into a support material. Three heterogeneous polymers based on a combination of 

ethyl methacrylate with styrene, N-isopropyl acrylamide, or benzyl methacrylate were synthesized, 

leading to different efficiencies depending on the chosen comonomer.192 Our group recently reported 

the copolymerization of a benzothiadiazole-based photocatalyst into a self-assembled di-block 

copolymer. By intentionally positioning the photocatalytic unit in the hydrophobic core or the more 

hydrophilic shell, differences in the efficiency depending on the polarity of the substrate could be 

observed. Highlighting the effect of the photocatalyst positioning in a polymer backbone on the 

reactivity.221 

Similar effects are reported in the emerging field of artificial photoenzymes, where the 

microenvironment of the protein scaffold can affect the photocatalytic efficiency depending on the 

placement of the photocatalytic moiety.291 

So far, we assume that the choice of the monomer and the resulting polymer backbone have an 

insignificant influence on the photocatalytic moiety and the overall photocatalytic efficiency. Aiming 

to increase efficiency through changes in structural design and morphology. However, an actual 

systematic study still needs to be included. Electron-withdrawing effects, steric hindrance, and charge 

density could affect the photocatalytic moiety. Therefore, using monomers with a stabilizing effect 

could be beneficial for photocatalytic efficiency.  
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In this chapter, the effects and influences on the photocatalytic capabilities and photophysical 

properties of diphenyl benzothiadiazole were investigated. In a first step, various photocatalytic 

moieties with different functional groups were analyzed via UV/Vis-absorbance before a possible 

solvent effect was investigated. Consequently, a metal-free organic vinyl functionalized 

benzothiadiazole moiety was copolymerized with seven monomers, and the influence of three 

commonly used monomers, styrene, methyl methacrylate, and acrylonitrile, to analyze the 

comonomer effect on the photocatalytic behavior. (Figure 5.1)  

 
Figure 5.1: Photocatalytic moiety is copolymerized with three distinct monomers, styrene, methyl methacrylate and 
acrylonitrile to investigate the effect of the comonomer on the photocatalytic efficiency and photophysical properties. 

 

In a first step, the effect of modifying small molecule photocatalysts with different functional groups 

and possible solvent effects were investigated. Vinyl-based functional groups are required to allow the 

copolymerization and covalent incorporation of a photocatalytic moiety into macromolecular 

structures. Different functional groups on the photocatalyst can increase the corresponding reactivity 

or copolymerization rate. However, so far, nobody investigated if different functional groups influence 

the photocatalytic efficiency and photophysical properties. Therefore, seven different functional 

groups were investigated via UV/Vis absorbance spectroscopy. (Figure 5.2) Non-functionalized 

diphenyl benzothiadiazole possesses a peak absorbance at 381 nm. The most basic functionalization 

with a vinyl group to allow incorporation into copolymer leads to a red shift of 392 nm to a peak of 11 

nm. It can be explained through an increase in the fully conjugated system. ± Inductive (± I) and 

mesomeric (± M) effects are known to have a significant impact on the reactivity and absorbance of 

conjugated systems. The most significant effect can be observed by the addition of an amine, leading 

to a red shift to 442 nm. This effect is reduced by the further functionalization to an acrylamide group, 
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leading to a peak at 399 nm. The incorporation of hydroxyl groups leads to a similar effect but in a 

lower magnitude (399 nm). In contrast, adding a hydroxyl methyl group leads to a blue shift due to an 

–I-effect (375 nm).  

Therefore, the absorbance of the photocatalytic moiety depends on the functional group and can be 

used to tune the photophysical properties. Nevertheless, the vinyl-based groups are required to allow 

copolymerization and possess different incorporation rates and need to be considered, leading to a 

possible compromise between incorporation rate and desirable absorbance wavelength.  

In the following, the vinyl-functionalized group was used as it minimized the possible influence of the 

functional group after incorporation. 

In the following step, the solvatochromism of vinyl-functionalized photocatalytic moiety was 

investigated in five solvents. (Figure 5.4) The small molecular photocatalyst is a non-polar 

photocatalyst. It possesses no functional groups compared to rose bengal or eosin y, leading to the 

assumption that different solvents would only have a small effect on the photocatalytic moiety. In 

DMF, Toluene, and THF, the photocatalyst shows similar absorbance, peaking at 391 to 393 nm, which 

is surprising, as toluene (393 nm), DMF (391nm), and THF (391 nm) possess differences in their polarity 

and dielectric constant. On the other hand, ACN and MeNO2 lead to a strong blue shift compared to 

the previous solvents, peaking at 386 nm (MeNO2) and 384 nm. In the following, all experiments were 

performed in DMF to dissolve all synthesized copolymers.  After investigating the influence of the 

functional group and solvent, a possible influence of the comonomers was investigated.  Therefore, 

seven different monomers, methyl methacrylate(MMA), styrene (S), acrylonitrile (AN), benzyl 

methacrylate (BMA), hydroxyethyl methacrylate (HEMA), N,N-dimethylaminoethyl methacrylate 

(DMAEMA) and N,N-dimethylacrylamide (DMAA) were copolymerized with the vinyl functionalized 

photocatalytic moiety via free radical polymerization. The corresponding copolymers were analyzed 

via UV/Vis-spectroscopy. (Figure 5.3, Figure 5.4) The non-optimized copolymerization led to 

comonomers with different molecular weights between 7500 g/mol and 24200 g/mol but a 

comparable amount of incorporated photocatalyst between 0.72-1.3 wt.%. The absorbance of all 

seven copolymers was investigated, leading to absorbance peaks between 384 nm for PAN-BT and 392 

nm for PS-BT. Most Copolymers possessed only a negligible effect on the absorbance, with PMMA, 

PBMA, PHEMA, and PDMA being separated by two nm. PAN, PS, and PMMA showed significant 

variations in the absorbance and emission peaks, assumingly based on their significant differences in 

polarity and stabilization of the photocatalyst. Consequently, these three copolymers were used for 

further investigation.  

The resulting copolymers were first analyzed via GPC, IR, UV/Vis-absorbance, fluorescence lifetime, 

quantum yield, and DLS measurements. In addition, DFT and Tauc-Plot calculations and cyclic 

voltammetry were used to determine the HOMO/LUMO levels and the resulting bandgap. Lastly, the 

photocatalytic efficiency was investigated via kinetic studies of three model reactions: the 

hydroxylation of boronic acids, the C-C coupling of benzyl bromide as well as an electron-rich indole 
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coupling reaction. Displaying significant discrepancies in the performance based on the chosen 

comonomer. The photocatalytic unit is based on a donor-acceptor design using a benzothiadiazole unit 

as an electron acceptor. Further, the photocatalytic moiety possesses no functional groups and 

eliminates any possible interference with the polymer or substrate. Making it an ideal candidate for 

investigating possible influences of the surrounding polymer. This metal-free photocatalyst has shown 

high stability in various photocatalytic reactions and can easily be functionalized to allow incorporation 

in various structures like hydrogels or responsive polymer particles. The photocatalyst was modified 

with a vinyl functionalization to allow easy copolymerization. (see Figure 6.4) The functional vinyl-

group was chosen to replicate the unmodified homogeneous photocatalyst incorporated into a 

polymer backbone while preventing changes in the optical properties and photocatalytic activity. The 

polymers were chosen based on their possible interaction with the photocatalytic moiety. Considering 

their different polarities, dielectric constant, and possible interaction with the photocatalyst, styrene, 

methyl methacrylate, and acrylonitrile were investigated as possible monomers. Polystyrene could 

enable possible π-π-Interactions between the photocatalyst and the polymer backbone.292,293 Due to 

its highly polar backbone, polyacrylonitrile, on the other hand, could have a beneficial charge 

stabilization affecting the efficiency of the photocatalytic moiety.294,295  

5.1.2 Results and Discussion: Comonomer Influence on the Photocatalytic Efficiency 

 

 

Figure 5.2: The chosen functionality effects the absorbance of the diphenyl benzothiadiazole core based on the ± 
inductive and mesomeric effect of the functionality. Measurement performed in DMF.   

Due to the low reactivity and propagation rate of styrene, the polymers were synthesized via free 

radical polymerization. Opting for an incorporation of 5 wt.% of photocatalyst leading to good 

1 2/3 4 7 5/6 

1) 2) 3) 4) 

5) 6) 7) 
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photocatalytic performance while maximizing the possible comonomer influence. Yielding three 

distinct copolymers based on polystyrene (PS-BT), poly(methyl methacrylate) (PMMA-BT), and 

polyacrylonitrile (PAN-BT). The copolymers were analyzed, and the incorporation of photocatalysts 

was confirmed by GPC, 1H NMR, UV/Vis, and FTIR spectroscopy. The copolymers possessed molecular 

weights between 15,000 and 20,000 g/mol and dispersities of 2.4-3 Đ with an incorporation of 5.3 to 

6.3 wt.% of photocatalyst. (Figure 5.5) All three polymers readily dissolve in DMF. Therefore, DMF was 

chosen as the solvent system for all analytic purposes and as reaction medium for photocatalytic 

testing.  

 

 
Figure 5.3: Used monomers for the copolymerization with the photocatalytic moiety. Methyl methacrylate, styrene and 
acrylonitrile were chosen for further analysis. 

 

  
Figure 5.4: Influence of different solvents on the absorbance of the photocatalytic moiety. (left) Influence of 
comonomer choice on the absorbance of the photocatalytic moiety. Measurements were performed in DMF. PDMAEMA 
measured in water. (right)  

As the polymer's swelling behavior and structure could impact the photocatalytic efficiency, the 

hydrodynamic radii were determined. The copolymers have comparable hydrodynamic radii between 

6-8 nm, allowing a direct comparison of the photocatalytic efficiency. (see Figure 6.2) FTIR allows easy 

identification of the polymers showing specific bands at 1700-1800 cm-1 and 700 cm-1 for aromatic -C-
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H bending in PS-BT. 2250 cm-1 for C≡N stretching in PAN-BT and ester-C=O stretching in PMMA-BT at 

1700 cm-1. (Figure 5.5) As previously reported, the low concentration of incorporated photocatalyst 

makes detection over FTIR difficult. Even with higher weight percentages of photocatalysts, the IR-

bands at 700 cm-1 are the only indication of incorporation.  

The 1H-NMR spectroscopy analysis highlights the photocatalytic moiety between 8.3 – 7 ppm for 

PMMA-BT and PAN-BT, while in the case of PS-BT the styrene overlaps with the photocatalytic moiety. 

The polymer backbone can be observed at 2.4 – 1.9 and 3.6 – 3.1 ppm for PAN-BT, 3.8 – 3.3, 2.0 – 1.7 

and 1.1 – 0.5 ppm for PMMA-BT, PMMA-BT, and 2.4 – 1.0 ppm PS-BT. (see Figure 6.5-6.7) The 

incorporation of the photocatalyst was determined via UV/Vis-absorbance. (Figure 5.6)  

 

  
Figure 5.5: GPC of PAN-BT, PS-BT and PMMA-BT in DMF against a PMMA standard (left). FTIR spectra of PAN-BT, PS-
BT and PMMA-BT as dry powder in KBr pellets (right). 

The solvent affects the UV/Vis-absorbance spectrum of the non-functionalized homogeneous 

photocatalyst 4,7-diphenyl-benzo-[2,1,3]thiadiazole (Ph-Bt-Ph), displaying a hypsochromic shift 

depending on the solvent, shifting from 392 in toluene to 384 nm in acetonitrile. (Figure 5.4)  

Indicating the stabilization of a slightly more polarized ground state. This effect can be observed and 

replicated in polymers. Incorporated in a polymer backbone, we observed shifts in the absorbance 

spectra depending on the comonomer. Incorporated in PMMA-BT and PS-BT, the main absorbance 

peak shifts slightly, while in combination with PAN-BT, the peak blue-shifted by 7 nm. PS absorbance 

peaks at 392 nm in DMF, followed by PMMA-BT at 390 nm. (Table 5.1, Figure 5.6) The significant 

deviant is found in polyacrylonitrile (PAN-BT), where a shift to 385 nm can be observed. These values 

are similar to the homogeneous photocatalyst in toluene and ACN, respectively. Showcasing that the 

immediate environment of the polymer has an impact on the stabilization of the catalyst, similar to a 

change in the solvent. PAN is a highly polar polymer with high dielectric values, leading to a blue shift 
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compared to PS. It could be argued that the polymer backbone replicates the solvent effect to some 

extent. Similar trends can be observed in the emission and excitation spectra. The emission peaks 

indicate the same blue shift, with PS-BT having the highest emission peak at 509 nm followed by 

PMMA-BT and PAN-BT at 503 nm, with all three copolymers possessing the same stokes shift of stokes 

shift of 117 nm. (Table 5.1, Figure 5.6)  

Along with the absorbance and emission spectra, the polymers were compared through excitation 

spectra, which replicated the results given by the absorbance and emission spectra. The excitation 

maximum at 507 nm is blue-shifted by 7 nm compared to the absorbance for all copolymers. (Table 

5.1, Figure 5.9) PS-BT has the highest maximum at 385 nm, leading to the absorbance of higher 

wavelengths of over 460 nm. PAN-BT in comparison, has an excitation maximum at 379 nm leading to 

a maximum absorbance wavelength of 460 nm. (Figure 5.9) 

 

  

Figure 5.6: Absorbance spectra (left) of PMMA-BT, PAN-BT and PS-BT in DMF indicating a change in absorbance 
depending on the comonomer. Fluorescence spectra (right) of PAN-BT, PMMA-BT and PS-BT showing a blue shift in 
PAN-BT indicating the influence of the comonomer.  

The fluorescence lifetimes for all three polymers are shown to be between 10-11 ns, indicating similar 

results, with PS-BT having the highest and PAN-BT having the lowest fluorescence lifetime. (Table 5.1, 

Figure 5.7) The lifetime measurements for PS-BT and PMMA-BT show neglectable differences of 11.1 

and 11.0 ns. In comparison, the lifetime of the excited state of the photocatalytic moiety in PAN-BT is 

reduced to 10.2 ns. 
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Figure 5.7: Normalized average of three fluorescence lifetime measurements of PAN-BT, PMMA-BT, PS-BT.  

 

The quantum yield of the unmodified 4,7-diphenyl-2,1,3-benzothiadiazol (ΦPhotocatalyst=80) was 

previously reported by DaSilveira Neto et al. who measured against quinine sulfate (1 M H2SO4).72 The 

QY was determined after a known procedure by plotting the integral of the fluorescence spectra 

against the intensity of the absorbance for different concentrations. The calculated gradients can then 

be used in combination with the gradient of the standard to calculate the quantum yield via the shown 

equation (3).  

 

 

The photocatalytic moiety is again influenced by the comonomer.72,296 PS-BT and PMMA-BT again only 

show minor differences and a comparable high quantum yield to the unmodified 4,7-diphenyl-2,1,3-

benzothiadiazol. (Table 5.1, Figure 5.8) PAN-BT, on the other side, shows a much lower quantum yield 

of 0.82 compared to the free photocatalyst, which can be attributed to the increasing absorbance of 

the polymer backbone at a lower wavelength, leading to non-radiant relaxation playing a more 

prominent role in PAN-BT. 

 

10 20 30 40 50 60

0,0

0,2

0,4

0,6

0,8

1,0

F
lu

o
re

s
c
e

n
c
e

 c
o

u
n
ts

 [
N

o
rm

.]

Time [ns]

 PAN-BT

 PMMA-BT

 PS-BT

𝜙𝑥 = 𝜙𝑠𝑡 (
𝐺𝑟𝑎𝑑𝑥

𝐺𝑟𝑎𝑑𝑆𝑇
) (

𝜂𝑥
2

𝜂𝑠𝑡
2 ) (3) 

𝜙𝑠𝑡 = quantum yield standard; 𝐺𝑟𝑎𝑑𝑆𝑇 = calculated gradient of the standard; 

𝜂𝑠𝑡
2 = squared value of the refraction index of the solvent standard  
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Figure 5.8: Quantum yield calculation of PAN-BT, PMMA-BT and PS-BT using 4,7-diphenyl-2,1,3-benzothiadiazole at 
366 nm in ACN as reference. 

 

The band gap and energy value of the orbitals are crucial for the photocatalytic prowess and determine 

the reductive and oxidative capabilities of the photocatalyst. Through copolymerization, Huber et al. 

incorporated a benzothiadiazole photocatalyst in a heterogeneous organogel based on crosslinked 

PMMA. Through cyclic voltammetry and density functional theory calculations (DFT) DFT calculations 

of the pure photocatalyst and the copolymer, changes in the bandgap, as well as the HOMO and LUMO 

levels, could be observed.203 Therefore, in the next step, the HOMO/LUMO levels of the copolymers 

and the electron gap were calculated and analyzed using DFT calculations, cyclic voltammetry, and 

Tauc-Plot. The theoretic orbital energies were determined for trimers using B3LYP with basis set 6-

31+g(d).297-300 Depending on the comonomer, the calculation indicates different values for 

HOMO/LUMO levels for PS-BT, PAN-BT, and PMMA-BT. (Figure 5.9) PS-BT and PMMA-BT show only 

minor differences in the band gap with 3.29 and 3.30 eV.  
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Figure 5.9: Three copolymers were analyzed via excitation spectra (left) and DFT calculations (right). The copolymers 
show a blue shift from PS-BT to polar PAN-BT. DFT calculations confirm a higher bandgap for PAN-BT, while PMMA-
BT and PS-BT lie closer together. 

The LUMO and HOMO levels for both polymers are comparable at -1.77 and -1.78 V vs. SCE (LUMO) 

and 1.52 V vs. SCE for the HOMO, respectively. PAN shows the largest electron gap with 3.35 V vs. SCE 

and the lowest LUMO and highest HOMO level energies with -1.53/1.80 V vs. SCE. The calculations 

further highlight the electron density shift during excitation. In the ground state, the electrons are 

located within the phenyl groups, while the LUMO highlights a high electron density within the 

benzothiadiazole unit. (Figure 5.10) Cyclic voltammetry measurements indicate only small differences 

between the polymers and are smaller compared to the theoretical values. The reduction onset was 

determined to be between -1.35 V vs SCE for PMMA-BT, -1.3 for PS-BT, and -1.29 for PAN-BT. (see 

Figure 6.3) These values are comparable to previous cyclic voltammetry measurements of PMMA and 

poly(N,N-dimethylacrylamide) with copolymerized benzothiadiazole-based photocatalyst.203,301 

 

In addition to DFT calculations and CV measurements, the optical electron bandgap was 

determined.302,303 (Table 5.1: Measured and calculated values for PMMA-BT, PAN-BT and PAN-BT (5 

wt%). Absorbance, Emission, Excitation maxima and fluorescence lifetime were measured in DMF. 

Quantum yield measured in DMF against 4,7-Diphenyl-2,1,3-benzothiadiazol in ACN at 366 nm. DFT 

calculations performed using B3LYP 6-31+g(d). Optical bandgap calculation based on UV/Vis-

measurements in DMF.Table 5.1, Figure 6.1) The values were used to determine the HOMO levels of 

all polymers. The values are smaller than predicted by the DFT calculation, with around 2.9 eV, and lie 

closer together. It can be observed again that PAN-BT has a larger electron gap (2.92 eV) compared to 

PS-BT (2.89 eV) and PMMA-BT (2.87 eV). After observing changes in the optical properties as well as a 

possible influence on bandgap depending on the chosen comonomer, we decided to further 

investigate the comonomer influences on the photocatalytic efficiency through kinetic studies of three 
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model reactions. Further, Stern-Vollmer Plots were used to investigate the interaction between the 

sacrificing agents and the copolymers.304 The model reactions were chosen to include the 

hydroxylation of boronic acids as well as the C-C coupling of benzyl bromide as well as an electron-rich 

heterocyclic indole coupling reaction. The photocatalytic reaction covers a variety of conditions under 

nitrogen, oxygen, and the usage of different sacrificing agents. First, the hydroxylation of diphenyl 

boronic acid was investigated. This reaction is well established, and various publications cover 

mechanistic investigations, possible conditions, and usable photocatalysts.20  

Table 5.1: Measured and calculated values for PMMA-BT, PAN-BT and PAN-BT (5 wt%). Absorbance, Emission, 
Excitation maxima and fluorescence lifetime were measured in DMF. Quantum yield measured in DMF against 4,7-
Diphenyl-2,1,3-benzothiadiazol in ACN at 366 nm. DFT calculations performed using B3LYP 6-31+g(d). Optical bandgap 
calculation based on UV/Vis-measurements in DMF. 

 

  

Entry Polymer Absorbance peak Emission peak Excitation 
ΦPolymer 

/ΦPhotocatalyst 
τo Egopt 

HOMO 

/LUMO(DFT) 

1 PMMA-BT 390 507 383 1.0 11.0 2.87 1.52/-1.78 

2 PS-BT 392 509 385 1.0 11.1 2.89 1.52/-1.77 

3 PAN-BT 385 503 379 0.8 10.2 2.92 1,80/-1.55 
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Figure 5.10: HOMO (left) and LUMO (right) of PAN-BT, PS-BT and PMMA-BT Indicating electron density shift in excited 
state compared to ground state. 

  

  

PAN-BT HOMO: 1.8  V vs SCE PAN-BT LUMO: -1.55 V vs SCE 

  

PS-BT HOMO: 1.52 V vs SCE PS-BT LUMO: -1.77 V vs SCE 

  

PMMA-BT HOMO: 1.52 V vs SCE PMMA-BT LUMO: -1.78 V vs SCE 
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The reaction was conducted with all three copolymers under blue light irradiation at room 

temperature. The copolymers successfully catalyzed the hydroxylation, leading to high conversion in 

all three cases. (Figure 5.11, Figure 6.14-6.16) The kinetic study was analyzed over a time span of 6 h, 

reaching over 90% conversion for PS-BT, PMMA-BT, and PAN-BT. PAN-BT showed the lowest 

conversion of 90%. Nevertheless, all three polymers reach high turnover numbers of 900-960. 

Interestingly, the kinetic study indicates that PS-BT has a higher conversion rate, reaching 87% after 4 

h compared to 74% and 82% for PAN-BT and PMMA-BT. Showcasing a slightly higher efficiency for PS-

BT over PMMA-BT or PAN-BT. Mechanistic investigations by Pitre et al. highlight the necessity of 

superoxide for the hydroxylation of boronic acids.305 Therefore, the reaction was conducted under 

oxygen atmosphere, in DMF, in the presence of DIPEA as a sacrificing agent. The role of the sacrificing 

agent was investigated through a Stern Vollmer Plot, indicating a similar quenching rate for all three 

polymers, with PAN-BT slightly elevated compared to PMMA-BT and PS-BT. (Figure 5.12) 

 

 

 
Figure 5.11: Photocatalytic hydroxylation of 4-biphenyl boronic acid measured over time using PS-BT, PMMA-BT and 
PAN-BT. 4-biphenylboronic acid (19.8 mg, 100 μmol) N,N-diisopropylethylamine (52 μL, 300 μmol) and photocatalytic 
polymer (100 nmol photoactive unit) in DMF (2mL), O2-Atm. blue light irradiation. 

 

  



64 
 

This may be explained by the mechanism of the reaction where the electron is transferred from the 

photocatalyst to oxygen, which then interacts with the substrate. As oxygen is small and can quickly 

diffuse to the photocatalyst, the polymer has only a limited effect on the reactivity. 

As a second photocatalytic reaction, the C-C coupling reaction of 4-chlorobenzylbromid was 

investigated, which was previously not reported for this photocatalyst to the best of our knowledge.306 

(Figure 5.13, Figure 6.11-6.13) Li et al. reported the usage of a Cu-modified TiO2 photocatalyst for the 

C-C coupling under UV-irradiation.307 The reaction was performed under blue light in the presence of 

DIPEA. The coupling again indicates a comonomer effect on the efficiency of the photocatalytic moiety. 

The photocatalytic reaction was analyzed via a kinetic study over a time span of eight hours, in which 

a conversion of 61 to 83% was achieved. The highest conversion of 83% and a TON of 277 was again 

yielded by PS-BT, followed by PAN-BT and PMMA-BT with 68 and 61% conversion and TON 227 and 

203, respectively. Interestingly, the reaction was first attempted with triphenylamine (TPA) instead of 

DIPEA to prevent a hydrogen transfer and the formation of 4-chlorobenzylbromid as a side product. 

Interestingly, the reaction shows a slower reaction rate in the presence of TPA. Nevertheless, it was 

observed that the formation of 4-chlorotoluene is also unfavored in the presence of DIPEA, and only 

traces of 4-chlorotoluene are observed. (see Figure 6.11: GCMS trail of 1,2-bis(4-chlorophenyl)ethane 

using 1-bromo-octane as standard.Figure 6.11) Lastly, the C-C coupling between diethyl 

bromomalonate and 3-methyl indole was investigated. (Figure 5.14)  

 

  
Figure 5.12: Stern-Volmer Plot of PAN-BT, PS-BT and PMMA-BT using DIPEA (left) and TPA (right) as quenching agent. 
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Figure 5.13: Photocatalytic C-C coupling of 4-Chlorobenzylbromide over eight hours using PS-BT, PMMA-BT and PAN-
BT indicating a comonomer on the overall efficiency. 4-chlorobenzyl bromide (20.5 mg, 100 μmol) N,N-
diisopropylethylamine (175 μL, 1 mmol) and photocatalytic polymer (300 nmol photocatalytic moiety) in DMF (2 mL), 
N2-Atm. blue light irradiation. 

 

The reaction was performed quickly in under 90 min., requiring the usage of TPA to reduce the favored 

dehalogenation of diethyl bromomalonate. GCMS analysis, in combination with a kinetic study, 

highlights the total conversion of the indole to the desired product. (Figure 5.14, Figure 6.8-6.10) Using 

PS-BT, a complete conversion of the indole is observed in 80 min (600 TON). PMMA-BT, in comparison 

reaches a TON of 360 in 80 min, indicating a 40% decrease in efficiency. Lastly, PAN-BT again shows 

the lowest photocatalytic efficiency, reaching a conversion of 20% (120 TON), which highlights the 

most significant drop in performance in all tested reactions. Although the contrast in the capability of 

the copolymers is significant, the trend is comparable to the previous reaction, where PS-BT 

outperformed PMMA-BT or PAN-BT. Further, the quenching behavior of TPA was analyzed, showing 

comparable quenching results and a decrease in fluorescence to DIPEA. The general trend is repeated, 

with all three copolymers showing only slight variation and PAN-BT being slightly elevated compared 

to PS-BT and PMMA-BT. (Figure 5.12) 
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Figure 5.14: Kinetic investigation of the C-C coupling of 3-methyl indole measured over 80 min showing full conversion 
for PS-BT. 3-methyl indole (19.7 mg, 150 μmol), diethyl bromomalonate (71.7 mg, 300 μmol) and triphenylamine (73.6 
mg, 300 μmol) and photocatalytic polymer (250 nmol photoactive unit) in DMF (2 mL) Ar-Atm. blue light irradiation. 
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5.1.3 Conclusion: Copolymers Impact the Photocatalytic Efficiency and Photophysical Properties 

In summary, we copolymerized three common monomers with a donor-acceptor-based photocatalyst 

and investigated the impact of the comonomer on the photocatalytic activity. In a first step, seven 

functionalized benzothiadiazole moieties were investigated via UV/Vis absorbance. As expected, the 

chosen functionalization has a significant effect on the absorbance wavelength. Based on these 

findings, a vinyl-functionalized photocatalytic moiety was chosen to allow maximizing any comonomer 

effect and minimizing any effect of the functional group. The solvent effect was also investigated with 

DMF, toluene, and THF possessing an absorbance peak between 391-393 nm, while MeNO2 and ACN 

led to a significant blue shift. For the analysis of the comonomer effect, DMF was chosen based on the 

necessity to dissolve the copolymers. Seven monomers were copolymerized with vinyl 

benzothiadiazole and investigated via UV/Vis absorbance and fluorescence spectroscopy. The 

comonomers based on PMMA, PBMA, PHEMA, and PDMA showed little effect on absorbance and 

emission, while PAN-BT and PS-BT had the highest blue and redshift.  

Therefore, in the next step, the photophysical properties of the comonomers PS-BT, PAN-BT, and 

PMMA-BT were analyzed. UV/Vis spectra show a dependence based on the monomer choice, with 

PAN-BT possessing a blue shift compared to PS-BT and PMMA-BT. Quantum yield and fluorescence 

lifetime measurements also indicate a correlation with the polymer backbone. The differences 

between PMMA-BT and PS-BT are negligible. At the same time, PAN-BT shows deviating values 

indicating a lower lifetime of the excited state as well as a reduced quantum yield and a blue shift of 

the absorption and emission spectra. DFT calculations and cyclic voltammetry were used to determine 

the HOMO and LUMO levels, and the optical bandgap was determined. Showing only marginal 

differences between the three polymers.  

In the next step, the photocatalytic performance of the three copolymers was analyzed in three 

photocatalytic kinetic studies. As model reactions, the hydroxylation of boronic acids and two C-C 

coupling reactions were successfully performed, and the conversion and TON were determined. 

Through this catalytic testing, it could be shown that the comonomer choice impacts the photocatalytic 

efficiency. The hydroxylation of boronic acid was not significantly impacted by the comonomer choice, 

which can be explained by the diffusion of oxygen, which is not hindered by the polymer structure in 

the solution. The C-C coupling reactions, on the contrary, need closer proximity between the 

photocatalyst and the substrate to proceed, and therefore more significant differences can be 

observed. 

Interestingly, a trend could also be observed over all tested reactions, which lay in accordance with 

the measured optical properties. PS-BT possessed the highest absorbance wavelength paired with the 

longest lifetime of the excited state and could outperform the other two copolymers. It could be 

argued that the π-π interaction affects the photocatalytic efficiency by stabilizing the excited state of 

the photocatalyst. PAN-BT, on the other hand, possessed a higher blue shift in the absorbance spectra 
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and a lower lifetime, leading to a lower performance under visible light irradiation. Indicating that 

depending on the photocatalytic reaction, the chosen polymer can impact the performance, and an 

adequate and suitable copolymer must be chosen. 

Nevertheless, polymers as support for photocatalytic moieties are useful due to the vast possible 

material properties and morphologies that the right monomer combinations can achieve. It is, 

therefore, vital to find the most efficient compromise between the possible impact of the comonomer 

on the photocatalytic efficiency and possible benefits due to the designed material. In this study, linear 

polymers were investigated, removing the structural design of heterogeneous photocatalysts. Further, 

the effect of the chosen functional group of the benzothiadiazole was explored via UV/Vis-absorbance, 

and a systematic study has yet to be performed. The chosen functional group could have a significant 

impact on the copolymerization parameter as well as the photocatalytic activity. 

  



69 
 

 Photocatalytic Hydrogels with a High Transmission Polymer Network for 

Pollutant Remediation 

 

This chapter is based on an article, “Photocatalytic hydrogels with a high transmission polymer network 

for pollutant remediation” published in Chem. Mater. 2021, 33, 9131-9138. I synthesized and 

characterized the material and performed the photocatalytic reaction. Here, a classical photocatalytic 

polymer hydrogel composed of a high transmittance polymer network and small conjugated 

photocatalytic moieties is present. Radical copolymerization of a photocatalytically active 

benzothiadiazole acrylamide monomer with water-compatible N,N-dimethylacrylamide produced a 

photocatalytic hydrogel where only the photocatalytic moiety absorbs visible light. The photocatalytic 

hydrogel network enables easy partitioning of pollutants into the gel network, where they are 

photocatalytically degraded. The versatility and reusability of the photocatalytic material were 

demonstrated for the degradation of both inorganic metal and organic contaminants, including N-

(phosphonomethyl)glycine (glyphosate), the most commonly used herbicide. Furthermore, the 

potential of this material was explored in large-scale experiments, where glyphosate could be readily 

photodegraded at a half-liter scale. 

 

5.2.1 Motivation: Photocatalysis for Environmental Friendly Wastewater Remediation    

 

Sunlight is an abundant and renewable energy source that can be utilized to facilitate a broad range of 

chemical reactions. Inspiration can be taken from nature, where sunlight is used as a clean energy 

source in photosynthesis. Numerous heterogeneous photocatalytic materials have been produced to 

mimic this natural process, and were implemented into a wide-range of chemical applications, 

including water splitting,308-314 photoredox reactions,79,124,136,285,315,316 CO2 reduction,317-320 photo-

dynamic therapy321-324 and wastewater purification.62,325-328  

Wastewater treatment is an important part of a sustainable water management and integral for an 

ever-increasing global population. The recycling of water by purification through separation or 

degradation of pollutants is, therefore, essential. Unfortunately, conventional sewage treatment 

systems are not able to efficiently remove new emerging molecular pollutants.329,330 Photocatalysis has 

therefore received increasing attention for water contaminant degradation.62,326-328 Photocatalysis 

enables ecologically friendly wastewater purification by photodegradation, facilitated by the 

generation of highly oxidizing species. Previously, heterogeneous photocatalysts have been used for 

wastewater treatment based on different materials ranging from inorganic materials, such as TiO2, to 

nanodots and conjugated polymers.134,331-334 

Nevertheless, one of the most prominent drawbacks of heterogeneous photocatalytic materials is the 

low photon penetration depth into the photocatalytic material. A low and uneven irradiation is often 
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observed in bulk applications, lowering overall irradiation efficiency and, therefore, 

photodegradation.335-338 This can be due to light incident on the heterogeneous material being 

scattered. Furthermore, light penetration into heterogeneous photocatalytic materials is often limited, 

leading to inefficient usage of the photocatalytic material, especially in large-scale applications. This 

poor penetration may be due to the absorption of light by non-photocatalytically active materials. 

Ideally, a heterogeneous photocatalytic system for water purification would be created that could be 

easily recovered and reused. Furthermore, visible light incident on the material, should be 

homogeneously absorbed across the photocatalytic material, and not be obstructed by the supporting 

material. Additionally, the photocatalytic material must be compatible with aqueous environments, 

allowing for easy partitioning of reagents into and out of the photocatalytic material. Therefore, the 

synthesis of a high transmittance, hydrophilic, porous substrate in combination with a homogeneous 

distributed photocatalytic moiety may yield more efficient photocatalysts.287,339-342  

Hydrogels are hydrophilic networks, which contain over 90% water, have a high biocompatibility, and 

allow easy substrate diffusion into the material. As a result, hydrogels have been widely studied for 

biomedical applications, including drug delivery.343-345 Moreover, transparent hydrogels have been use 

in soft contact lenses.344,346,347 Compared to rigid porous structures, hydrogels possess a more flexible 

framework, which allows for swelling in water. This behavior leads to a highly swollen structure, which 

aids an easy diffusion of molecules into the gel. Due to this, hydrogels are studied with great interest 

for possible applications in wastewater remediation as their properties allow for the absorbance of 

dyes and org. pollutants.348,349 Hydrogels can easily be synthesized through radical polymerization 

without the need for exceedingly toxic materials, or heavy metals. Therefore, transparent hydrogels 

would be a desirable polymer matrix for the incorporation of photocatalysts. Recently, our group has 

described the synthesis of a new class of photocatalytic classical polymers.189,203,208 The 

copolymerization of photocatalytic small molecules, modified with vinyl functionality and classical 

monomers, combines the versatility of classical polymers with photocatalytic activity. This 

combination produces a new hybrid material class of photocatalytically active polymers.185 Here, we 

have designed photocatalytic hydrogels, where only the photocatalytic moieties absorb visible light, 

as illustrated in Figure 5.15. The copolymerization of photocatalytic small molecules with classical 

monomers produces highly efficient photocatalytic gels. A N,N-dimethylacrylamide (DMAA), based gel 

was selected due to the high transmittance of visible light through the gel, allowing more energy to be 

available for the photocatalytic units. A donor-acceptor type photocatalytic unit containing 

benzothiadiazole (~2 mol%) was copolymerized into the gel material, with leaching of the 

photocatalytic unit inhibited. 
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Figure 5.15 High transmittance photocatalytic hydrogels allow for easy light penetration into the photocatalytic system 
for efficient water remediation. Light is not reflected or absorbed by the polymer network and is, therefore, available for 
photocatalytic reactions. 

 

Due to its intrinsic properties, the hydrogel allows for a high substrate diffusion into the substrate, 

while the high transmittance of the polymer network does not interfere with the absorbance 

properties of the photocatalytic units. The photocatalytic hydrogel was used for the photodegradation 

of model wastewater pollutants. The broad application range and versatility of the photocatalytic 

hydrogel was investigated for the photooxidation of N-(phosphonomethyl)glycine (glyphosate), 

rhodamine B, organic sulfurs, as well as the photoreduction of inorganic pollutants, namely heavy 

metal contaminants in the form of chromium (VI). Furthermore, the scalability of the material was 

investigated for a gram-scale photodegradation of glyphosate.  

 

5.2.2 Results and Discussion: Design of a Highly Transmittance Photocatalytic Hydrogel 

 

In the first step, three suitable hydrophilic monomers were investigated to design a high-transmittance 

hydrogel. N,N-dimethylacrylamide (DMAA), acrylamide (AA), and hydroxyethyl methacrylate (HEMA) 

were combined with poly(ethylene glycol)diacrylate (PEG-DA) to synthesize hydrogels via radical 

polymerization in water. (Figure 5.16) The polymerizations were performed in degassed cuvettes, 

allowing for direct analysis of the designed materials via transmittance measurements. Photocatalytic 

hydrogels were synthesized using radical polymerization, allowing quick and cost-efficient synthesis. 

Comparing the resulting crosslinked polymers PDMAA-PEG, PAA-PEG, and PHEMA-PEG showed, in all 

cases, a high transmittance at higher wavelengths, reaching 98% at 565 nm. (Figure 5.17) 

Nevertheless, at lower wavelengths, significant differences between the polymers were observed, with 

PHEMA-PEG possessing the overall lowest transmittance at lower wavelengths, reaching 95% 

transmittance at 460 nm. PDMAA-PEG, on the other hand, possessed the highest transmittance, 
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reaching 95% at 402 nm. PDMAA possessed the highest transmittance at lower wavelengths, and was 

selected as the support polymer. In the next step, the concentration of the crosslinker on the 

transmittance was investigated. Three concentrations of one, two, and five equivalents of crosslinker 

were synthesized. Although the differences between one and two equivalents were neglectable on the 

transmittance, the hydrogel possessed a honey-like consistency with only one Eq. of crosslinker. 

Adding 5 Eq., on the other hand, led to a significant decrease in transmittance, reaching only 84% at 

402 nm. In the last step, the PEG crosslinker was replaced with N,N-dimethylacrylamide to allow 

comparable propagation rates between the monomer crosslinker and photocatalytic moiety, leading 

to a high transmittance hydrogel reaching up to 95% transmittance at 400 nm. 

The hydrogel matrix was therefore constructed from DMAA and crosslinked using 

N,N′-methylenebis(acrylamide). (Figure 5.18) This gel network was selected due to its high 

transmittance of visible light. Preventing energy loss due to light scattering and absorption of non-

photocatalytically active portions of the hydrogel. The absorbance of the polymer matrix was analyzed 

via transmittance measurement displaying high transmittance of 95 to 99% between 400-800 nm, 

while in the UV-region below 400 nm, the hydrogels absorbance increases. (Figure 5.19)  

 

 

 

Figure 5.16: Analyzed monomers and used crosslinker to synthesis a highly transmittance hydrogel. Highlighted are 
N,N-dimethylacrylamide and N,N′-methylenebis(acrylamide) which were chosen for the hydrogel. 

 

Monomer 

 

Crosslinker 
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Figure 5.17: Transmittance values of PDMA, PAA and PHEMA crosslinked with PEG. PDMA possesses the highest 
transmittance compared to the other monomers. (left) Influence of crosslinker concentration on the transmittance of 
the synthesized hydrogel. (right) 

 

N-(4-(7-Phenylbenzo[c][1,2,5]thiadiazol-4-yl)phenyl)acrylamide photocatalytic monomer was 

copolymerized into the hydrogel network, leading to a high transmittance photocatalytic hydrogel, a 

high transmittance photocatalytic hydrogel. (Figure 5.18, Figure 6.17-6.18) The photocatalytic 

monomer displayed a peak absorption at 400 nm, with the absorption extended to 470 nm. (Figure 

5.19) The photocatalytic monomer was designed and synthesized to include acrylamide functionality 

to ensure that the propagation rate of the polymerization for each monomer was in the same order of 

magnitude, which is integral to producing a homogenous photocatalytic hydrogel. Density functional 

theory (DFT) calculations of the photocatalytic monomer were used to predict the energy and electron 

density of the highest occupied molecule orbital (HOMO) and lowest unoccupied molecule orbital 

(LUMO). (Figure 5.20) The HOMO and LUMO-levels were 1.42 V and -1.75 V vs SCE, respectively. 

  

Increasing crosslinker conc. 
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Figure 5.18 High transmittance hydrogel (a) molecular structure of designed hydrogel, (b) synthesized high 
transmittance hydrogel, (c) molecular structure of designed photocatalytic hydrogel, (d) synthesized photocatalytic.    

 

 

Figure 5.19 Transmittance spectra of the hydrogel without photocatalyst (red), absorbance spectra of the photocatalyst 
(black).  
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From cycle voltammetry, the LUMO-level of the photocatalytically hydrogel was determined to be -

1.30 vs SCE, similar to the calculated value. (Figure 5.20) The difference in measured and calculated 

LUMO levels is believed to be due to the calculated value being for the monomer, not the polymerized 

form. Previously published DTF calculations and CV-measurements of vinyl functionalized 

benzothiadiazole monomers display comparable HOMO/LUMO energies, indicating stable energy 

levels regardless of the chosen functionalization.203 This enables different functionalities to be 

incorporated and copolymerization with various monomers with differing propagation rates to be 

achieved.  

Solid-state-NMR (ssNMR) and Fourier transform infrared (FTIR) spectroscopy were used to verify the 

inclusion of the photocatalytic monomer within the polymer. 13C-ssNMR spectroscopy shows a peak 

at 37 ppm corresponding to the polymer backbone and the methylamine groups. A strong peak was 

observed at 175 ppm due to the carbonyl group of each monomer. Aromatic peaks are observed 

between 125-160 ppm, which correspond to the photocatalytic monomer, showing that the active unit 

is indeed within the polymer hydrogel. (Figure 5.21) FTIR analysis of the photocatalytic hydrogel and 

the photocatalytic monomer was undertaken. (Figure 5.22) The FTIR shows peaks at 2930 cm-1 for the 

-CH2 and -CH3 stretch vibration. The peak at 1620 cm-1 can be assigned to the stretching of the 

carboxamide. Signals at around 1500 cm-1 are attributed to the -CH3 deformation, while the band at 

around 1260 cm-1 is due to C-N stretching. Due to the low concentration of photocatalytic moiety 

within the hydrogel (1.9 mol%), the peaks corresponding to the conjugated photocatalytic monomer 

are not easily discerned. 

 

 

Figure 5.20 (left) DFT-Calculated electron structure and HOMO/LUMO-level of N-(4-(7-phenylbenzo[c][1,2,5]thiadiazol-4-
yl)phenyl)acrylamide vs SCE. (right) Cyclic voltammetry of photocatalytic hydrogel (100 mV/S). 
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Figure 5.21: Solid state NMR spectroscopy: 13C-CP-MAS NMR spectrum of photocatalytic hydrogel. 

 

 

 

Figure 5.22 FTIR of photocatalytic hydrogel (red) and the synthesized photocatalytic monomer (black). 

 

UV/Vis-absorbance spectra of the dried hydrogel showed peak absorption at 420 nm extending to 

510 nm, indicating a red shift compared to the pure photocatalytic monomer in DMSO. (Figure 5.23) 

The photocatalytic behavior of the synthesized hydrogel was further analyze through photocurrent 
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measurements. (Figure 5.23) In five repeating cycles, a photoinduced conductivity was measured, 

presenting a clear photoresponsive behavior. 

The dried photocatalytic hydrogel readily swells in water. The degree of swelling was determined by 

fluorescence spectroscopy. Here, the photocatalytic units incorporated into the gel network enable 

easy monitoring of the swelling process. The photocatalytic hydrogel swelled in water by a factor of 

2.5 within 30 sec., and as expected, we see an even distribution of the photocatalyst across the gel 

network. (Figure 5.24) Furthermore, no leaching of the photocatalytic moiety was observed during the 

swelling process. The degree of swelling of the hydrogel was obtained over three swelling cycles, where 

the weight gain was measured and the water content determined. Showing that the fully swollen gel 

reaches a water content of 92%. (Figure 5.25)  

Water pollutants can be classified into two categories: organic and inorganic. Here, we have 

determined the potential of the high transmittance photocatalytic hydrogel for remediation of both 

pollutant classes. Initially, we investigated the degradation of organic pollutants, including small 

molecule pollutants and industrially relevant agrochemical-based water pollutants. The photocatalytic 

degradation of an organic dye molecule, rhodamine B, was undertaken. Here, over 95% of the aqueous 

organic dye was removed within four hours in the presence of photocatalytic hydrogel. (Figure 5.26) 

Following the successful degradation of simple dye molecules, the remediation of organosulfur 

containing compounds was targeted. 

 

  

Figure 5.23 a) UV/Vis-Absorbance spectra of dried photocatalytic hydrogel. b) Photocurrent measurements under blue 
light (power: 0.16 W cm2, λ = 460 nm) with 20 sec. irradiation intervals. 

  



78 
 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

Figure 5.24 Swelling behavior of the photocatalytic hydrogel. Dry hydrogel in the absence of water. (a and c) 
Photocatalytic hydrogel after 30 sec. in the presence of water (b and d).  

 

  

Figure 5.25 Reversible swelling and drying of the photocatalytic polymer hydrogel (left); weight gain during swelling 
circle (right).  
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Figure 5.26 UV/Vis-spectra of time depending photodegradation of rhodamine B (left) peak intensity for the 
photodegradation of rhodamine B plotted against time (right). 

Organic sulfur containing compounds are emerging pollutants in wastewater due to their increased 

presence in drug molecules.62,330,331 As a model, methyl phenyl sulfide and its derivative were oxidized, 

as seen in Table 5.2. Over 99% conversion was obtained for the oxidation of methyl phenyl sulfide, 

with a selectivity of 98:2 towards the mono-oxidized sulfoxide. Furthermore, functional group 

tolerance was observed in reactions with substituted methyl phenyl sulfide molecules with only small 

changes in the selectivity. (Table 5.2, Figure 6.21-6.28)  

All reactions could be conducted with low concentrations of photocatalyst (sulfide 30 mM, hydrogel 

10 mg, 1.9 mol% photocatalyst, 1.8 µmol) and in comparison to porous classical polymer 

photocatalysts in the absence of oxidants.189 Similarly Zhao et al. used a metal-based Bi4O5Br2 

photocatalyst (20 mg) for the photooxidation of various methyl phenyl derivatives (0.2 mmol) under 

blue light in water requiring up to 22 h for the oxidation of 4-chlorophenyl methyl sulfide and 

showcasing that under blue light irradiation, TiO2 showed low photocatalytic activity due to its wider 

bandgap.350 
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Table 5.2 Photocatalytic oxidation of methyl phenyl sulfide through photocatalytic hydrogel under various condition. 
Sulfide (30 mM), hydrogel (10 mg, 1.8 µmol photocatalyst), 10 mL H2O, conversion determined by GC-MS. 

 

Number Condition Conversion 

1 R=H <99% (98:2) 

2 No light 0% 

3 No photocat. 0% 

4 No oxygen 2% (100:0) 

5 R=-Me <99% (94:6) 

6 R=-OMe <99% (95:5) 

7 R=-Cl <99% (93:6) 

 

Scavenger tests were undertaken to show that the oxidation observed is indeed photocatalytically 

driven. As expected, in the absence of light, oxygen, or photocatalyst, no conversion was detected. 

(Table 5.2) Benzoquinone, sodium azide, potassium iodide, isopropanol, and copper chloride were 

used as superoxide, singlet oxygen, vacant hole, hydroxyl radical and electron scavengers, respectively. 

Here, scavengers for superoxide, single oxygen, and the vacant hole species had the highest impact on 

conversion. In the presence of benzoquinone, a superoxide (O2
-.) scavenger, the conversion to 

sulfoxide was reduced by 75%, whereas the addition of a sodium azide did not decrease the conversion 

but led to a higher yield of the sulfone species. (Figure 5.27) Further to organic pollutants, inorganic 

pollutant remediation was also investigated.  

Next to organic compounds, heavy metals are one of the most common pollutants in industrial 

wastewater.351-353 CrVI is a non-biodegradable pollutant and can cause significant environmental 

damage due to its high toxicity and cancerous properties.354,355 We have utilized the high transmittance 

photocatalytic hydrogels to photoreduce CrVI to CrIII under aqueous conditions. Water-soluble CrVI was 

successfully reduced to the less toxic and water-insoluble CrIII. Allowing for an easy precipitation of the 

pollutant and decontamination of the wastewater.  
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Figure 5.27: Comparison of achieved conversions and selectivity for the photooxidation of thioanisole under standard 
conditions, the absence of photocatalyst, light or oxygen and in the presence of quenching agents. 

 

The CrVI photoreduction was measured by complexation of CrVI with diphenylcarbazide and monitored 

using UV/Vis spectroscopy. (Figure 5.28, Figure 6.29) CrVI was reduced to CrIII in around 60 min under 

blue light irradiation with a conversion of over 92%. (Figure 5.29) In contrast, control reactions in the 

dark and without photocatalyst resulted in no conversion. (see Figure 6.30) Compared to previously 

published, water-compatible, fully conjugated microporous polyazulene photocatalysts, the 

photocatalytic hydrogel was found to have a higher efficiency, requiring lower amounts of 

photocatalytic active material.356 Further comparison can be drawn to a donor-acceptor based 

benzothiadiazole covalent framework using 10 mg photoactive material paired with a xenon lamp 

(400 nm cutoff) for the degradation of a 10 mL CrVI solution (10 mg/L).157  
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Figure 5.28: Photoreduction of chromiumVI is quantified through complexation of the remaining CrVI with 
diphenylcarbazide allowing for UV/Vis absorbance measurements at 542 nm. 

The reusability of the photocatalytic hydrogel was demonstrated by conducting a recycling test for five 

repeating cycles. CrVI was again photoreduced in each run without significant loss in efficiency, 

displaying that the material is suitable as efficient and stable heterogeneous photocatalyst. (Figure 

5.29, Figure 6.31) 

 
 

Figure 5.29 Photodegradation of chromium by photocatalytic hydrogel chromium photoreduction over time under N2 
atmosphere measured at 542 nm by complexation with diphenylcarbazide (left); 5 recycling steps for the 
photoreduction of CrVI to CrIII using photocatalytic hydrogel under blue light irradiation (power: 0.16 W cm-2, λ = 460 
nm) (right). 

The versatility of the high transmittance photocatalytic hydrogel for the remediation of pollutants in 

water was further demonstrated by investigating the photocatalytic degradation of glyphosate. 
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Glyphosate is a non-selective organophosphate herbicide and the most widely used herbicide 

globally.357,358 Its overuse in agriculture has led to increasing concerns regarding dangerous levels of 

run-off into water systems such as rivers, lakes, and groundwater.359,360 Glyphosate has been found in 

surface and subsurface water sources and is known to be toxic to aquatic organisms.361-364 Therefore, 

it is important to produce methods that can readily degrade glyphosate in contaminated water.  

Glyphosate is stable over a wide range of possible conditions and is not readily hydrolyzed in water.365 

We have demonstrated that high concentrations of glyphosate (2.5 mg/mL) can successfully be 

photodegraded using low amounts of the photocatalytic hydrogel (5 mg/mL, 1.9 mol% photocatalyst, 

0.9 µmol) under visible light. Over 90% degradation was observed after 2.5 h under basic conditions, 

while no significant degradation was observed under acid or neutral conditions. The reaction 

progression was analyzed via 31P-NMR spectroscopy with a glyphosate shift of 16.9 ppm and the main 

degradation product, phosphate, emerging at 2.5 ppm, while blank measurements in the absence of 

photocatalyst or light showed no signs of degradation. (see Figure 6.34-6.35) NMR spectroscopy 

analysis further indicated the existence of an intermediate at 19.3 ppm, which is likely to be 

(aminomethyl)phosphonic acid.366 (Figure 5.30, Figure 5.31) 

 

  

 

Figure 5.30: Photodegradation of glyphosate analyzed via 31P-NMR spectroscopy and the observed peaks. The 
degradation products were assigned based on the research of Kudzin et al.366 

 

The time dependent degradation was investigated by kinetic measurement. Therefore, the 

photodegradation of glyphosate was analyzed via 31P-NMR spectroscopy, where a near-linear 

degradation of glyphosate was observed. (Figure 5.32 and Figure 6.32) Previously, degradation has 

been achieved using TiO2-nanoparticles in a photoreactor. Here, a much larger concentration of TiO2-

nanoparticles (6 g/L) was required to achieve similar results as the hydrogel presented in this study. 

Furthermore, previous pure organic systems have been shown to be insufficient for photocatalytic 

degradation of glyphosate, where BiO4/PDA/g-C3N4 hybrid systems were required.367 

16.9 ppm 19.3 ppm 5.1 ppm 
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Figure 5.31: Degradation of glyphosate by linear photocatalytic PDMMA was analyzed via 31P-NMR spectroscopy. The 
kinetic study allows a clear evidence for the complete degradation of glyphosate overtime. The degradation products 
were assigned based on the research of Kudzin et al.366 

 

 

Figure 5.32 Glyphosate degradation monitored over time via 31P-NMR spectroscopy. 
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Large-scale photocatalytic batch reactions are generally hindered by low light penetration depth and 

light scattering upon the heterogeneous photocatalyst, leading to low overall efficiency. The high 

transmittance values of the synthesized hydrogel substrate should mitigate these issues and enable 

large-scale photocatalysis. 

In a first step, a flow-through photocatalytic column was envisioned, allowing for the efficient 

degradation of pollutants in flow. The assumption was that due to the swelling of the hydrogel and its 

high transmittance value, the material would be the ideal material. The swelling allows for a quick 

uptake and diffusion of pollutants into the gel, where it would be degraded, while the high 

transmittance would allow for a significant increase of the column’s diameter, allowing for sufficient 

light penetration. As a test, the hydrogel was first synthesized without the photocatalytic unit within 

the flow-through column utilizing a heating mantel. The column possessed a glass frit and an inner 

diameter of around three centimeters. The polymerization was achieved using two heating blocks of 

10 cm in length and a cylindrical recess for the column, leading to quick and efficient polymerization. 

The hydrogel was synthesized within the column and was first tested using water dyed with methylene 

blue. Although the synthesized gel possessed a high transmittance and allowed for the flow through 

of water, the polymerization in the column led to the clocking of the glass filter as well as a structural 

compact gel that was unable to swell. Therefore, the hydrogel possessed a low permeability, resulting 

in a slow water flow requiring artificial pressure. (Figure 5.32) 

 

  
Figure 5.33: The hydrogel was polymerized inside a column to test the viability of a flow though photocatalytic column. 
A white paper with measurement in cm was added to visualize the column size. A methylene blue solution was used to 
showcase the flow of water through the gel over time (pressure 0.5 bar, 30 min.) 

Methylene blue 

Hydrogel 
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As the flow-through column, led to no satisfying results and did not allow for a sufficient water flow 

an alternative approach was used to showcase the possible large-scale application of the synthesized 

photocatalytic hydrogel. 

A large-scale photodegradation of glyphosate was conducted in a half-liter batch reaction; 1 g 

glyphosate was photodegraded using the photocatalytic hydrogel, leading to 60% conversion in the 

first 25 h and 78% after 45 h. (Figure 5.34 and Figure 6.33) Here, we observed an initial high rate of 

photodegradation that slowed over time as the concentration of glyphosate decreased. 

 

 

Figure 5.34 Large scale glyphosate degradation. (left) half liter scale photodegradation of 1 g of glyphosate in water.  

 

The photocatalytic network produced in this study provides a readily recoverable heterogeneous 

photocatalyst. However, the gel network produced in this study requires the diffusion of reagents into 

the network for degradation. To investigate the effect this diffusion has on the degradation rate of 

glyphosate, a linear polymer was synthesized. Here, the photocatalytic monomer was copolymerized 

with DMAA in the same ratio as in the hydrogel without the usage of a crosslinker and was analyzed 

via 1H-NMR spectroscopy and GPC. (see Figure 6.19, Figure 6.20) The photodegradation of glyphosate 

using the linear PDMAA shows a similar linear degradation, with full conversion in under 120 min. 

(Figure 5.35, Figure 6.36). The linear photocatalytic polymer had a slightly faster rate of degradation 

when compared to the polymer gel network. However, the photocatalytic polymer hydrogel is much 

easier to recover, making it a more favorable material for long-term use. 
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Figure 5.35: (a) Glyphosate degradation over time monitored via 31P-NMR spectroscopy. (b) Glyphosate degradation 
monitored over time via 31P-NMR spectroscopy using photocatalytic hydrogel (red) and linear photocatalytic PDMMA 
(right). 
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5.2.3 Conclusion: Novel Photocatalytic Material for Wastewater Treatment 

 

In summary, we present the radical copolymerization of a photocatalytic monomer into a highly 

transparent crosslinked hydrogel used for wastewater remediation. 

In the first step, three suitable monomers, DMAA, HEMA, and AA were crosslinked with PEG-DA, 

leading to three hydrogels with high transmittance at higher wavelength, reaching over 95% 

transmittance at 460 nm. Of these three polymers, PDMAA-PEG had the highest transmittance, and 

consequently, PDMAA was used for further optimization. It was observed that the amount of 

crosslinker led to a decrease in transmittance, reaching an optimal compromise between stability and 

transmittance at two equivalents. In the last step, PEG-DA was replaced with 

N,N-methylenebis(acrylamide), leading to a high transmittance hydrogel with over 95% transmittance 

over 400 nm.   

In the next step, a metal-free photocatalytic moiety was synthesized and functionalized to allow for 

radical copolymerization. An acrylamide functionalization was chosen to allow a comparable 

copolymerization rate between all three compounds. The polymerization was performed in DMF 

instead of water due to the low solubility of the photocatalytic moiety in water. All tests to achieve a 

homogeneous copolymerization in water or solvent mixtures were unsuccessful.  

Nevertheless, the synthesized hydrogel was easily transferred to water. The non-toxic water-

compatible photocatalytic hydrogel has easily accessible photoactive centers within a high 

transmittance network. The transmittance of visible light to the active sites enables homogeneous 

photocatalysis over the whole material, as the polymer network does not interfere. This classical 

polymer photocatalyst was used for efficient water remediation of common pollutants in wastewater. 

We showcased the photoreduction CrVI, the oxidation of a model compounds in the form of organic 

sulfides, as well as the photodegradation of glyphosate under visible light irradiation.  

Furthermore, the high transmittance hydrogels could be used on large scales, with glyphosate 

degradation conducted on the half-liter scale. 

The usage of the hydrogel in a flow-through column was also tested but was not progressed further. 

Although the polymerization could be performed within the column, the resulting hydrogel was too 

compacted and could not expend accordingly in water, leading to a slow flow-through.  

The combination of classic polymers with small molecule photocatalysts enables the production of 

tunable functional materials that can be used for a range of applications, including wastewater 

remediation. The reported material could be used for the remediation of various wastewater 

compounds while allowing for easy recycling of the bulky material. The created hydrogel allows for the 

fast uptake of wastewater pollutants and rapid remediation. The bulky material further only possesses 

a small amount of photocatalytically active material, allowing for easy handling and scalability.  
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 Reactivity Tuning of Metal-Free Artificial Photoenzymes through Binding 

Sites Specific Bioconjugation 

 

This chapter is based on an article “Reactivity tuning of metal-free artificial photoenzymes through 

binding sites specific bioconjugation” published in Eur. J. Org. Chem. 2023, 26, e202201412. This work 

was conducted in collaboration with the University of Edinburgh under the Saltire Emerging Research 

Scheme. Protein expression, method development for bioconjugation, and LCMS analysis were 

performed by Dr. Brewster. I synthesized the photocatalytic moieties and performed protein 

purification, bioconjugation, characterization, and photocatalytic testing. 

The design and development of artificial metal-free photoenzymes aims to combine the selectivity of 

enzymatic reactions with the benefits of modern synthetic photocatalysts. Removing the need for rare 

earth metals and allowing for milder reaction conditions, leading to a more sustainable catalytic 

system. Here, we present the design of a novel artificial photoenzyme by integrating an 

organophotocatalytic moiety based on a donor-acceptor design into a steroid carrier protein (SCP-2L). 

SCP-2L possesses a hydrophobic tunnel facilitating substrate binding in aqueous media. The 

photocatalyst was site-selectively bound to three SCP-2L variants, possessing a non-native cysteine 

residue strategically placed around the hydrophobic tunnel of the protein. The three modified 

photoenzymes were shown to be selective for the oxidation of organic sulfides, giving up to 192 

turnovers. 

5.3.1 Motivation: The Design of Artificial Photoenzymes 

 

Bioengineering allows the modification and functionalization of complex biomacromolecular 

structures and is a highly promising approach for developing efficient and sustainable catalysts using 

modified proteins and enzymes.368-371Enzymes are highly specific and efficient catalytic systems, 

combining stereoselectivity, biocompatibility, and stability while having a limited substrate range. The 

three-dimensional nature of proteins allows for stereospecific hindrance near the active center, 

leading to highly selective catalytic processes, making protein scaffolds ideal platforms for the 

development of novel catalytic systems with the benefit of using water as a sustainable solvent. 

Through bioengineering, proteins can be combined with modern chemical catalysis, leading to the 

synthesis of novel artificial enzymes and pairing the benefits of enzymatic precision, with the substrate 

range and capabilities of state-of-the-art chemical catalysts.372,373 

Unfortunately, chemical synthesis and enzymatic conditions are often incompatible due to the need 

for high temperature, pressure, or organic solvents, leading to the degradation of the biomaterial, 

making the optimization of conditions difficult.374-376 Light is a renewable energy source and finds use 

in naturally occurring photoenzymes, removing the need for thermal energy.377-379 Taking inspiration 

from nature, light-driven catalysis has undergone intensive research as an alternative and more 
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sustainable way for chemical transformations.13,226,380 Compared to traditional catalysts, 

photocatalysts utilize photosensitizing molecules, allowing light absorption and energy or electron 

transfer via the excited state, resulting in milder reaction conditions.  

Due to their versatility, fully organic metal-free photocatalysts have found widespread application in 

photoredox reactions.33,381,382 Recent developments aim to modify these photocatalysts to incorporate 

them into support materials to increase stability and combine the material properties of the supporting 

material with the photocatalyst. This has led to the development of various novel photocatalytic 

systems, including artificial photoenzymes.266,267,272 The incorporation of a modified photocatalytic 

moiety into a protein combines the advantages of a protein structure with photocatalysis, developing 

a biocompatible, efficient, and sustainable catalytic system.273,383,384 To control the active site 

placement and structure, the catalyst is covalently bound to the protein, either through the usage of 

genetically encoded catalysts or site-selective bioconjugation.272,275 Recent examples from the groups 

of Green and Wu incorporated genetically encoded benzophenone into a Diels-Alderase and multidrug 

resistance regulator LmrR, demonstrating enantioselective [2+2] cycloadditions.270,385 Lewis and 

coworkers modified a prolyl oligopeptidase protein with 9-mesityl-10-methylacridinium via click 

chemistry and showed the photoenzyme was active in sulfoxidation reactions.274 Nevertheless, the 

efficient incorporation of photocatalytic moieties into proteins and the overall development of 

bioconjugated proteins with precisely engineered catalytic centers remains a significant challenge in 

designing artificial enzymes. 

Due to its ability to sequester substrates, the human steroid carrier protein SCP-2L is an ideal scaffold 

for artificial enzymes. SCP-2L possesses a single domain made from 120 amino acids, creating a 

hydrophobic tunnel, which allows for the uptake of apolar substrates.386,387 The hydrophobic tunnel 

holds suitable positions for strategical positioning and introduction of non-native cysteine residues, 

while previously solved crystal structures show that no structural changes occur due to the 

introduction of non-native cysteine residues compared to the wild-type protein.388  

The incorporated photocatalytic moiety is based on a well-established donor-acceptor design, allowing 

for better charge separation and an increased lifetime of the excited state. This photocatalytic design 

based on an electron-deficient benzothiadiazole unit allows control over the HOMO/LUMO level 

depending on the chosen donor and acceptor units.70   

The 4,7-diphenyl-2,1,3-benzothiadiazole core has found widespread applications in conjugated 

frameworks,130,136,285 homogeneous catalysis70,73 or through incorporation into classical polymers,185,189 

catalyzing numerous light-driven photoreactions, including pollutant remediation,301 

photooxidations,208 cycloadditions,203 C-C coupling,70 and bromination.73 

Here, we report the design of novel artificial photoenzymes by integrating a photocatalytic 4,7-

diphenyl-2,1,3-benzothiadiazole moiety into the protein SCP-2L, with the photocatalyst being 

bioconjugated at three unique cysteine residues within the protein. (Figure 5.36) The resulting 
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photoenzymes were analyzed via LCMS, UV/Vis, and the photocatalytic activity of all three variants 

was investigated by selective oxidation of thioanisole.  

 

Figure 5.36 Protein scaffold with highlighted positions of non-native cysteine variants A100C, V83C, and Q111C in 
combination with the bioconjugated photocatalytic moiety. Image created using Mol* and 1IKT from the RCSB PDB 
(rcsb.org).389,390  

 

5.3.2 Results and Discussion: Comparison of Three Novel Metal-Free Artificial Photoenzymes 

 

First non-native cysteine residues were introduced into the wild-type protein, by site-directed 

mutagenesis to incorporate the photocatalytic unit into the protein scaffold, yielding three specific 

proteins: SCP-2L A100C, SCP-2L Q111C, and SCP-2L V83C (hereafter referred to as A100C, Q111C and 

V83C).386,387,391 (see Figure 6.41) V83C and A100C are positioned at either end of the hydrophobic 

tunnel, and Q111C was chosen due to its position in the center of the tunnel.387 (Figure 5.36) 
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Figure 5.37: Mass spectra of A100C, Q111C and V83C, due to different replaced amino acids the three different 
variation possess different molecular weights: V83C (13377 Da), Q111C (13349 Da), and A100C (13405 Da). 

 

In order to bioconjugate the 4,7-diphenyl-2,1,3-benzothiadiazole photocatalyst into the protein 

scaffold, a reactive handle needed to be introduced. To ensure a full bioconjugation, without any 

remaining non- or multiple conjugated proteins, three different functionalities for the photocatalyst 

with increasing reactivity were selected (Table 5.3). First, a vinyl-functionalized photocatalyst was 

synthesized with the goal of modifying the protein via a thiol-ene type coupling.392 (Table 5.3 Entry 1) 

However, no reactivity was detected with either cysteine or V83C using blue light or radical initiator 

VA-044.  

Acrylamides are good Michael-acceptors and are commonly used in medicinal chemistry as non-

covalent inhibitors as they react selectively with cysteine.393 A photocatalyst with an acrylamide group 

was synthesized and reacted with all three SCP-2L variants. (Table 5.3 Entry 2,Figure 5.38, Figure 6.42) 

After optimization of the bioconjugation reaction, stark differences in the incorporation yield 

depending on the positioning of the non-native cysteine residue were observed. V83C-2 was fully 
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functionalized with the photocatalytic moiety, showing no double or non-modified protein by LCMS. 

However, A100C-2 and Q111C-2 could not be fully bioconjugated and showed remaining non-modified 

protein. (Figure 6.42) 

 

 

  

 
Figure 5.38: Mass spectra of V83C-2, Q111C-2 and A100C-2. The three variants were bioconjugated with acrylamide 
functionalized diphenyl benzothiadiazole. Q111C-2 and A100C-2 were not completely bioconjugated compared to 
V83C-2. 50 µM protein,1 mM photocatalyst, HEPES buffer (50 mM HEPES, 50 mM NaCl, 10% DMF) pH 8.5, 20 °C 
overnight 
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These results demonstrate site-specific preferences assumingly due to the steric hindrance of the 

protein scaffold surrounding the cysteine residue. Interestingly, the yield of modified Q111C-2 was 

higher than for A100C-2, indicating an easy uptake of the hydrophobic photocatalyst into the apolar 

protein tunnel. Instead of opting for harsher conditions to increase the yield of the bioconjugation, the 

reactivity of the functional group was increased again. A photocatalyst with an iodoacetamide group 

was synthesized and used for bioconjugation. (Table 5.3 Entry 3, Figure 5.40)  

The synthesis was performed over four steps, requiring two consecutive Suzuki couplings yielding an 

amine functionalized 4,7-diphenyl-2,1,3-benzothiadiazole as a red solid. The product was then reacted 

with chloroacetyl chloride, yielding a yellow powder in quantitative yield. In a last step, a Finkelstein 

reaction was performed in dry acetone utilizing potassium iodide, yielding the required product, which 

was analyzed via NMR and mass spectra. (see Figure 6.38-6.40)  

 

 

Figure 5.39: Synthesis route for iodoacetamide functionalized photocatalytic moiety. Four step synthesis due to the 
unavailable iodoacetyl chloride. (Synthesis Methods 6.3.2) 

 

This modified photocatalyst was used, and a quick and efficient bioconjugation was observed leading 

to a complete modification of all three positions within 60 min at room temperature. Due to the 

replaced amino acids, all three variants possess slight differences in their mass with A100C (13405 Da), 

Q111C (13349 Da), and V83C (13377 Da), respectively. (Figure 5.40; Figure 6.41) The mass increases 

accordingly on the addition of the iodoacetamide functionalized photocatalyst by 343 Da, to give the 

following single modified photoenzymes A100C-3 (13748 Da), Q111C-3 (13691 Da), and V83C-3 (13720 

Da). (Figure 5.40, Figure 6.43) The resulting bioconjugated proteins were analyzed via LCMS, showing 

no signs of non- or multiple modified proteins, and were consequentially used for analysis via UV/Vis 

and photocatalytic reactions and SDS. (Figure 5.41, Figure 6.44) The resulting bioconjugated 

photoenzymes (A100C-3, V83C-3, Q111C-3) were first analyzed using UV/Vis-absorbance and 

fluorescence emission spectroscopy. (Figure 5.41) Due to the different locations of the non-native 

cysteine residue and the bound photocatalytic moiety, slight shifts in the absorbance and emission are 
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due to be expected. These shifts in the absorbance and emission can be explained due to the 

differences in the surrounding hydrophobic structure and neighboring amino acids, creating slight 

differences in the protein environment. Compared to the non-conjugated protein, the bioconjugated 

photoenzymes showed strong visible light absorbance under 470 nm and a further peak in the UV 

range between 330-250 nm. 

Table 5.3 Synthesized photocatalyst and yield of incorporation. 

 Photocatalyst Photoenzyme V83C A100C Q111C 

1 
  

No conversion observed[a] 

2 
  

<98%[b] <15%[b] <49%[b] 

3 
  

<99%[c] <99%[c] <99%[c] 

[a] 100 µM protein 1 mM photocatalyst, blue light or VA-044, PBS (10% DMF), 37 °C, overnight [b] 50 µM protein,1 mM 
photocatalyst, HEPES buffer (50 mM HEPES, 50 mM NaCl, 10% DMF) pH 8.5, 20 °C overnight [c] 100 µM protein 1 mM 
photocatalyst, HEPES buffer (50 mM HEPES, 50 mM NaCl, 10% DMF) pH 8.5, 20 °C 1 h. 

 

A clear absorbance peak shift was observed depending on the position of bioconjugation. For example, 

A100C-3 had the lowest absorbance peak at 393 nm, followed by Q111C-3 at 397 nm. Over all three 

proteins, the absorbance shifted by 7 nm. Similar behavior could be observed for the emission spectra, 

with all variants displaying a broad emission spectrum between 420-750 nm. Interestingly, the 

maximum emission varied largely with a shift range of 20 nm.  

Q111C-3 possesses the highest emission peak and the most significant stokes-shift, while A100C-3 

possesses the smallest stokes-shift paired with the lowest absorbance and emission peak. Highlighting 

the influence of the position of the photocatalytic moiety at the entrance or center of the hydrophobic 

tunnel. Further, the photophysical properties of the synthesized photocatalytic moiety bound to a free 

cysteine was investigated through density fluctuation theory (DFT) calculations. (Figure 5.42) The 

HOMO/LUMO levels (-5.87/-2.67 eV) as well as the energy of the triplet state (1.79 eV) were calculated. 

Highlighting the possibility for the formation of singlet oxygen in the photoenzymes.394 Consecutive 

performed electron paramagnetic resonance spectroscopy (EPR) using the bioconjugated V83C-3 and 

2,2,6,6-tetramethylpiperidine as singlet oxygen trapping agent confirmed the singlet oxygen formation 

upon irradiation, showing photoresponsive behavior and indicating the possibility to promote 

photocatalytic reactions. (Figure 5.43)  
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Figure 5.40 Mass spectra of all three variants A100C, V83C, and Q111C before and A100C-3, V83C-3 and Q111C-3 after 
bioconjugation via LC-MS. 

 
 

 

 

 

 

 

 

Figure 5.41 Absorbance and Emission spectra of A100C-3, Q111C-3, and A100C-3, as well as their corresponding 
peaks. 
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HOMO: -5,87 eV LUMO: -2,67 eV Triplet state energy: 1,79 eV 

Figure 5.42: Density functional theory calculations for HOMO/LUMO levels calculated using method rb3lyp/6-31+g(d) as 
well as the triplet state energy calculated using method  b3lyp/6-31+g(d) in Gaussian 16.  

 

 

 

Figure 5.43: Electron paramagnetic resonance spectra of V83C-3 (red) (55 nmol) in MES buffer (20 mM MES, 50 mM 
NaCl, 1 mL) at pH 6 and blank measurement of MES buffer (20 mM MES, 50 mM NaCl, 1mL) at pH 6 (grey) after blue 
light LED irradiation in H2O with 2,2,6,6-tetramethylpiperidine (0.1 M) as singlet oxygen trapping agent. 

 

Sulfoxides are a common functional group in drug molecules, finding pharmaceutical application in 

proton-pump inhibitors or as anti-inflammatories.395-397 The selective photocatalytic oxidation of 

332 333 334 335 336

-30000

-20000

-10000

0

10000

20000

30000

In
te

n
s
it
y
 [
a
.u

.]

Magentic Field [mT]

 V83C-3

 Blank 



98 
 

sulfides can be achieved in the presence of oxygen through the formation of singlet oxygen.398 Lewis 

and coworkers first reported the selective oxidation of thioanisole using an artificial photoenzyme 

achieving modest TON of under 20.274 Comparable results were achieved by Brustad and coworkers, 

who synthesized a total of twelve artificial enzymes by incorporating functionalized 9-mesityl-10-

phenyl acirindium photocatalysts into three modified protein scaffolds.266 Therefore, the catalytic 

activity of our artificial photoenzymes was investigated through the photooxidation of a model sulfide 

in water, and a kinetic study was conducted to analyze the effect of the binding site further. (Figure 

5.44, Figure 6.45-6.46)  

 

Table 5.4  Efficiency comparison of bioconjugated photoenzyme A100C-3, Q111C-3 and V83C-3. 
 

 

Entry Protein Conversion [%] TON[a] 

1 A100C-3 83 165 

2 Q111C-3 95 190 

3 V83C-3 96 192 

 

 

Figure 5.44 Photocatalytic oxidation of thioanisole; Conditions: Modified protein 10 µM, thioanisole 2 mM, MES buffer 
(MES 20 mM, 50 mM NaCl, 2% ACN) pH 6, blue light irradiation (460-465 nm) at room temperature; a) TON determination 
after eight hours. Conversion rate determined via GC-MS (measured in triplets). 
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All three variants show high selectivity, and the organic sulfide was selectively oxidized to the sulfoxide, 

showing no evidence for further oxidation to the sulfone, reaching conversions of up to 96%. 

Interestingly, it was found that the position of the photocatalytic moiety in the protein scaffold greatly 

affected the efficiency of the photoenzyme. (Figure 5.45) The kinetic study shows a typical decrease in 

the conversion rate at higher yields, leading to near completion after eight hours, with significant 

differences in the reaction rate. The highest conversions were achieved by Q111C-3, which is 

positioned in the center of the hydrophobic tunnel, and V83C-3, with 95-96%. A significantly lower 

conversion can be observed with A100C-3, which like V83C-3, is positioned at the entrances of the 

hydrophobic tunnel. (Figure 5.36)) Although V83C-3 and Q111C-3 reach near full conversions after 8 

h, different reaction rates can be observed for all three modifications within the first two hours, with 

V83C-3 having the highest initial rate. A100C-3 has, compared to its counterparts, the lowest initial 

rate combined with the lowest absorbance and emission peak and the smallest stoke shift, setting it 

apart from V83C-3 and Q111C-3. Chiral sulfoxides are valuable pharmaceutical targets and can show 

differences in pharmacological activity, depending on the stereo conformation. The oxidized sulfoxide 

formed possesses a chiral stereo center. We therefore separated both stereoisomers via chiral HPLC 

but did not observe any stereoselectivity. (see Figure 6.47) This matches the previous observations by 

Lewis and Brustad, who also did not observe a stereoselective oxidation, presumably due to the 

reaction mechanism depending on the formation of singlet oxygen.266,274   

Lastly, the stability of the created artificial photoenzymes were investigated. Six samples of V83C-3 

were irradiated for up to 24 h prior to the photocatalytic reaction to analyze the photodeactivation 

and long-term stability of the photoenzyme. Upon long irradiation, small amount of precipitation 

occurred, which was removed through filtration before catalytic testing. (Figure 5.45) The 

photoenzyme shows a high stability, with limited decreases in conversion, only occurring after 8 h of 

irradiation. Even after 24 h of irradiation, a conversion of 74% and a TON of 148 is still achieved. (Figure 

5.46) 
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Figure 5.45: Stability test of artificial photoenzyme V83C-3. The samples were irradiated for up to 24 h under blue light 
and small amount of precipitation could be observed under light irradiation at 388 nm.  

 

 

 

Figure 5.46: Photocatalytic conversion of thioanisole (2 µmol) using V83C-3 (10 nmol) in MES buffer (20 mM MES, 
50 mM NaCl, 1 mL) after the photoenzyme was irradiated for up to 24 h under blue light before usage. 

  



101 
 

5.3.3 Conclusion: Position Depending Optical Properties and Photocatalytic Efficiency 

 

In summary, we have produced three variants of a metal-free photoenzyme by incorporating a donor-

acceptor based organophotocatalytic moiety into modified SCP-2L protein scaffolds. SCP-2L possesses 

a hydrophobic tunnel that we hypothesized could be an advantageous property in combination with a 

photocatalytic moiety, resulting in a water-soluble photocatalyst. Three distinct variants of SCP-2L with 

non-native cysteine residue, A100C, V83C, and Q111C, were expressed and subsequently used for 

bioconjugation. Three photocatalysts based on a donor-acceptor design utilizing a benzothiadiazole 

core were synthesized and tested. The photocatalysts were functionalized with increasingly reactive 

functional groups, starting with a vinyl-functionalization and acrylamide functionalization and, lastly, 

an iodoacetamide group. Of the three photocatalysts, only the iodoacetamide derivative of 

4,7-diphenyl-2,1,3-benzothiadiazole was successfully bioconjugated with the three variants of SCP-2L, 

giving the corresponding photoenzymes SCP-2L A100C-3, V83C-3 and Q111C-3. The vinyl derivative of 

the photocatalytic moiety was unreactive. It did not react with cysteine even under addition of an 

initiator. In contrast, the acrylamide derivative could be used for bioconjugation but did not yield a full 

conversion in two of the three SCP-2L variants. 

In the next step, the effect of the position of bioconjugation on the optical properties of the 

photocatalyst was analyzed via UV/Vis, and the efficiency of the yielded photoenzymes was 

determined via photocatalytic oxidation of a model sulfide under visible light irradiation. The results 

showed significant differences in the reaction rate depending on the cysteine position, with A100C-3 

having the lowest photocatalytic activity in combination with lower absorbance and emission peaks. 

Q111-C3 and V83-C3 possessed comparable photophysical properties and comparable TON, with 

Q111-C3 being the slightly more efficient variant. The model photoreaction could, in theory, lead to a 

chiral product and was therefore analyzed via HPLC. However, no preference for one of the two 

stereoisomers was found, regardless of the used variants. Due to the assumed reaction mechanism 

and the proven creation of singlet oxygen via EPR, these results correlate well to literature. 

Lastly, the stability of Q111C-3 was investigated by irradiation under visible light and oxygen atm. 

before the photocatalytic reaction, highlighting a slight decrease in reactivity assumingly due to self-

oxidation and denaturation of the protein scaffold. 

We believe this to be a promising start for the further development of photoenzymes based on 

incorporating photocatalytic moieties into SCP-2L based proteins. Combining the benefits of 

photocatalysis and biocatalysis, the synthesis of these novel catalytic systems eliminates the 

requirement for toxic materials, organic solvents, or non-degradable support material, leading to 

sustainable photocatalytic reactions for the synthesis of high-value chemicals. 
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 Experimental section 
 

 Comonomer Effects in Photocatalytic Classical Polymers 

6.1.1 Material and Characterization:  

All Chemicals were bought from commercial sources ACROS Organics, Alfa Aesar, Sigma-Aldrich, or TCI. 

Solvents, deuterated solvents, and starting materials were used without further purification. 

Monomers were purified by filtration through basic Aluminium oxide to remove present inhibitors.  

Methods:  
1H- and 13C-NMR spectra were recorded with a Bruker AVIII 300 spectrometer at 400 MHz and 

101 MHz, respectively, using DCM-d2 and DMSO-d6 and are given in ppm against TMS. NMR 

spectroscopy data were analyzed using MestReNova 14.2.3. Polymers were analyzed via gel 

permeation chromatography (GPC) using a PSS SECcurity2 instrument with RI and UV detector at 270 

nm wavelength using a PMMA standard in DMF. Fourier-transform infrared spectroscopy was 

performed using dry samples incorporated into potassium bromide pellets and measured with a Bruker 

Vertex 70. Bruker OPUS 7.8 software was used for Data analysis. 

Light scattering measurements were performed using an ALV/CGS3 compact goniometer system with 

a He/Ne laser (632.8 nm). Measurements were performed at 20 °C at 9 angles from 30° to 150° using 

a solution in DMF 2 mg/mL and analyzed with ALV5000 software. 

Fluorescence spectroscopy, including quantum yield, Stern Volmer Plot, and excitation spectra, were 

measured on a Duetta Fluorescence and Absorbance Spectrometer from Horiba using EzSpec as 

software for analysis and fluorescence peak integration. UV/Vis-absorption spectra were also 

measured on a Cary 60 UV–Vis/NIR spectrometer. 

Fluorescence lifetime was measured using a Pico Quant. PDL 800-D, Pico Quant. PH 300 with an LDH-

P-C-375 and analyzed using PicoHarp V 2.2.0.0 as well as FluoFit Pro. V4.4.0.1 over a time of 10 min 

with a degassed solution in DMF. 

For cyclic voltammetry measurements, a glassy carbon electrode as the working electrode, Hg/HgCl2 

electrode as the reference electrode, and a platinum wire as the counter electrode were used. The 

measurements were performed on a Metrohm Autolab PGSTAT204 potentiostat/galvanostat using 

Nova 2.1 software. The measurements were performed by coating the working electrode with a 

polymer solution in the presence of nafion perfluorinated resin solution in an ACN solution (NH4PCl6 

5 wt.%) 

Gas chromatographic-mass spectroscopy was performed on a Shimadzu GC-2010 plus combined with 

a QP2010 ultra mass spectrometer using a 7HG-G010-11 Phenomenex column and helium 5.0 as the 

carrier. Methods were adjusted explicitly for the required separation, leading to three used 

temperature curves.  
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DFT calculations were performed using Gaussian 16. The DFTs for the HOMO/LUMO levels were 

calculated for optimization of local minimum using method rb3lyp/6-31+g(d) Frontier molecular 

orbitals pictures were produced using Avogadro. Photoreactor LEDs (Tru Components™ HighPower, 

1.4 W per LED, λ = 460-470 nm. 

 

Tauc-Plot 

Figure 6.1: Tauc-Plot of PMMA-BT, Pan-BT and PS-BT using a model for a direct bandgap. 
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Dynamic Light Scattering 

 

  

 
Figure 6.2: DLS measurements of PAN-BT, PS-BT and PMMA-BT and the calculated hydrodynamic radius.  
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Cyclic Voltammetry 

  

 

Figure 6.3: CV measurements of PAN-BT, PS-BT and PMMA-BT as membranes using Nafion in ACN (NBu4PF6 5.0 wt.%). 
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6.1.2 Synthesis Method 

 

Polymer Synthesis: 

 

The monomer was first purified by basic aluminum oxide. In a dry flask, methyl methacrylate or 

acrylonitrile (500 mg) was combined with 4-phenyl-7-(4-vinylphenyl)benzo[c][1,2,5]thiadiazole 

(5 wt.%, 25 mg) and dissolved in dry DMF (1.5 mL). The solution was degassed by N2 bubbling for 10 

min. AIBN (1 wt.%) was dissolved in DMF (0.5 mL) and degassed by N2 bubbling. The solutions were 

combined and heated while stirring at 80 °C overnight. The polymers were precipitated in diethyl ether 

and centrifuged for 10 min. (4000 rpm. 5 °C). The supernatant was discarded, and the polymer was 

taken up in DMF. The precipitation and centrifugation were repeated, and the polymer was purified 

via Soxhlet in diethyl ether for two days. The polymer was dried under vacuum, and the concentration 

of incorporated photocatalyst was determined via UV/Vis-calibration. 

 

The monomer was first purified by basic aluminum oxide. In a dry flask, methyl styrene (500 mg) was 

combined with 4-phenyl-7-(4-vinylphenyl)benzo[c][1,2,5]thiadiazole (5 wt.%, 25 mg) and dissolved in 

dry DMF (1.0 mL). The solution was degassed by N2 bubbling for 10 min. AIBN (2 wt.%) was dissolved 

in DMF (0.5 mL) and degassed by N2 bubbling. The solutions were combined and heated under stirring 

at 80 °C overnight. The polymers were precipitated in methanol and centrifuged for 10 min (4000 rpm, 

5 °C). The supernatant was discarded and the polymer was taken up in DMF. The precipitation and 

centrifugation were repeated, and the polymer was purified via Soxhlet in methanol for two days. The 

polymer was dried under vacuum, and the concentration of incorporated photocatalyst was 

determined via UV/Vis-calibration. 

Photocatalyst Synthesis 

4-phenyl-7-(4-vinylphenyl)benzo[c][1,2,5]thiadiazole was synthesized after a previously published 

synthesis route.203 
1H NMR (400 MHz, DMSO-d6) δ 8.09 – 7.93 (m, 6H), 7.67 (d, J = 8.2 Hz, 2H), 7.57 (dd, J = 8.3, 6.7 Hz, 2H), 7.52 – 

7.44 (m, 1H), 6.84 (dd, J = 17.6, 10.9 Hz, 1H), 5.96 (d, J = 17.7 Hz, 1H), 5.36 (d, J = 11.0 Hz, 1H). 
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Figure 6.4: 1H NMR spectrum (400 MHz, DMSO-d6) of 4-phenyl-7-(4-vinylphenyl)benzo[c][1,2,5]thiadiazole. 
 

 

 

Figure 6.5: 1H NMR spectrum (400 MHz, DMF-d7) of PAN-BT. 
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Figure 6.6: 1H NMR spectrum (400 MHz, CD2Cl2) of PS-BT. 

 

 

 

Figure 6.7: 1H NMR spectrum (400 MHz, CD2Cl2) of PMMA-BT. 
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6.1.3 Photocatalytic Reactions 

 

Diethyl 2-(3-methyl-1H-indol-2-yl)malonate (Figure 5.14, Figure 6.8-6.10) 

 

 

 

In a 2 mL flask equipped with a stir bar, 3-methyl indole (19.7 mg, 150 μmol), diethyl bromomalonate 

(71.7 mg, 300 μmol), and triphenylamine (73.6 mg, 300 μmol) and photocatalytic polymer (250 nmol 

photoactive unit) were dissolved in DMF (2 mL). The solution was degassed with Argon for 10 min, and 

irradiated under blue light (λ = 460-470 nm). Samples (100 μL) were taken, diluted with DCM and 

directly measured via GCMS. The reaction was purified via silica column chromatography DCM: PE 1:9 

→ EtAc: PE 8:2 

 
1H NMR (400 MHz, CD2Cl2) δ 8.93 (s, 1H), 7.54 (ddt, J = 7.9, 1.4, 0.8 Hz, 1H), 7.36 (dt, J = 8.1, 0.9 Hz, 

1H), 7.18 (ddd, J = 8.2, 7.0, 1.2 Hz, 1H), 7.09 (ddd, J = 8.0, 7.1, 1.1 Hz, 1H), 5.00 (s, 1H), 4.35 – 4.10 

(m, 4H), 2.30 (s, 3H), 1.29 (t, J = 7.1 Hz, 6H). 

 

13C NMR (101 MHz, CD2Cl2) δ 167.75, 136.19, 128.66, 125.22, 122.65, 119.55, 119.06, 111.34, 110.84, 

62.71, 49.79, 14.21, 8.59.  

 

 
Figure 6.8: GCMS trail of Diethyl 2-(3-methyl-1H-indol-2-yl)malonate. 
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Figure 6.9: 1H NMR spectrum (400 MHz, CD2Cl2) of Diethyl 2-(3-methyl-1H-indol-2-yl)malonate. 

 

Figure 6.10: 13C NMR spectrum (101 MHz, CD2Cl2) of diethyl 2-(3-methyl-1H-indol-2-yl)malonate. 
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1,2-bis(4-chlorophenyl)ethane (Figure 5.13, Figure 6.11-6.13) 

 

 

In a 2 mL flask equipped with a stir bar, 4-chlorobenzyl bromide (20.5 mg, 100 μmol) N,N-

diisopropylethylamine  (175 μL, 1 mmol), and photocatalytic polymer (300 nmol photocatalytic 

moiety) were dissolved in DMF (2 mL). The solution was degassed with argon for 10 min and irradiated 

under blue light (λ = 460-470 nm). Samples (100 μL) are taken, diluted with DCM, and directly 

measured via GCMS. The reaction was purified via silica column chromatography DCM: PE 0:10 → 

DCM: PE 1:9 

 

1H NMR (400 MHz, CD2Cl2) δ 7.28 – 7.20 (m, 1H), 7.12 – 7.04 (m, 1H), 2.87 (s, 1H). 

 

13C NMR (101 MHz, CD2Cl2) δ 140.4, 131.9, 130.3, 128.7, 37.3. 

 

 
Figure 6.11: GCMS trail of 1,2-bis(4-chlorophenyl)ethane using 1-bromo-octane as standard. 
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Figure 6.12: 1H NMR spectrum (400 MHz, CD2Cl2) of 1,2-bis(4-chlorophenyl)ethane. 

 

 

Figure 6.13: 13C NMR spectrum (101 MHz, CD2Cl2) of 1,2-bis(4-chlorophenyl)ethane.  
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4-phenylphenol (Figure 5.11, Figure 6.12-6.15) 

 

 

 

In a 2 mL flask equipped with a stir bar, 4-biphenylboronic acid (19.8 mg, 100 μmol) N,N-

diisopropylethylamine (52 μL, 300 μmol), and photocatalytic polymer (100 nmol photoactive unit) 

were dissolved in DMF (2 mL). Oxygen was bubbled through the solution for 5 min and irradiated under 

blue light (λ = 460-470 nm). Samples (100 μL) were taken, diluted with DCM and directly measured via 

GCMS. The reaction was purified via silica column chromatography EtAc: PE 1:9 → EtAc: PE 1:0 

 

1H NMR (400 MHz, CD2Cl2) δ 7.58 – 7.52 (m, 1H), 7.52 – 7.46 (m, 1H), 7.45 – 7.37 (m, 1H), 7.34 – 7.24 

(m, 1H), 6.94 – 6.86 (m, 1H). 

 

13C NMR (101 MHz, CH2Cl2) δ 155.70, 141.06, 134.18, 129.12, 128.67, 127.10, 126.97, 115.98. 

 

 

 
Figure 6.14: GCMS trail of 4-phenylphenol using 1-bromo-octane as standard. 
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Figure 6.15: 1H NMR spectrum (400 MHz, CD2Cl2) of 4-phenyl phenol. 

 

 

Figure 6.16: 13C NMR spectrum (400 MHz, CD2Cl2) of 4-phenyl phenol. 
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 Photocatalytic Hydrogels with a High Transmission Polymer Network for 

Pollutant Remediation 

 

6.2.1 General Information and Methods Characterization 

 

4,7-Dibromobenzo[c][1,2,5]thiadiazole was purchased from Combi-Blocks. Phenylboronic acid was 

purchased from TCI Germany. Tetrakis(triphenylphosphine)palladium(0), 4-aminophenylboronic acid 

pinacol ester, acryloyl chloride, rhodamine B, dimethylacrylamide, N,N'-methylenebis(acrylamide), 

DMSO-d6, deuteriumoxide and 4-methoxyphenyl methylsulfide were purchased from Sigma-Aldrich. 

DCM-d2 was purchased from Deutero. Methyl phenyl sulfide, 4-methylphenyl methyl sulfide, and 4-

chlorophenyl methyl sulfide were purchased from Alfa Aesar. N-(Phosphonomethyl)glycine was 

purchased from Molekula and chromium trioxide from Acros Organics. All the chemicals and solvents 

were used without purification. 
1H, 13C, and 31P-NMR spectra were measured using a Bruker Avance 300 MHz. Solid State 13C CP MAS 

NMR measurement was carried out using a Bruker Avance II solid-state NMR spectrometer operating 

at 300 MHz. FT-IR measurements were conducted with a Bruker Tensor II FTIR spectrometer. Gas 

chromatography was performed on a Shimadzu GC-2010 plus gas chromatograph and analyzed with a 

QP2010 ultra mass spectrometer. Fluorescence microscopy was performed on a Leica DMi8 inverted 

light microscope. UV/Vis-absorption spectra were measured on a Cary 60 UV-Vis/NIR spectrometer. 

For cyclic voltammetry measurements, a Metrohm Autolab PGSTAT204 potentiostat/galvanostat, with 

a glassy carbon electrode as the working electrode, Hg/HgCl2 electrode as reference electrode, and a 

platinum wire as the counter electrode, was used. DFT calculations were carried out using the Gaussian 

09 (rB3LYP, basis set: 6-31G). 
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6.2.2 Synthesis Methods 

 

Synthesis of PDMAA-BTPh2 

N,N-Dimethylacrylamide (0.2 g, 2.0 mmol), N,N'-methylenebis(acrylamide) (6.2 mg, 40.3 µmol), N-(4-

(7-phenylbenzo[c][1,2,5]thiadiazol-4-yl)phenyl)acrylamide (14.4 mg, 40 µmol), were dissolved in 1 mL 

DMF. AIBN (3.31 mg, 20 µmol) was added, and the solution was degassed using argon. The solution 

was heated at 80 °C overnight. The resulting polymer was excessively washed with THF and purified 

via dialysis against water/LiCl and pure water.  

Synthesis 

N-(4-(7-phenylbenzo[c][1,2,5]thiadiazol-4-yl)phenyl)acrylamide: 

N-(4-(7-phenylbenzo[c][1,2,5]thiadiazol-4-yl)phenyl)acrylamide was synthesized after a previously 

published synthesis route.208 
1H NMR (300 MHz, DMSO) δ 10.36 (s, 1H), 8.10 – 7.94 (m, 6H), 7.86 (d, J = 8.4 Hz, 2H), 7.65 – 7.40 (m, 

3H), 6.50 (dd, J = 17.0, 10.0 Hz, 1H), 6.31 (dd, J = 17.1, 2.1 Hz, 1H), 5.84 – 5.72 (m, 1H) ppm. 
13C NMR (126 MHz, DMSO) δ 163.33, 153.48, 153.37, 139.23, 136.92, 131.94, 131.85, 131.81, 129.61, 

129.13, 128.58, 128.43, 128.30, 127.72, 127.19, 119.31 

 

  

Figure 6.17: 1H NMR spectrum (DMSO-d6, 300 MHz): N-(4-(7-phenylbenzo[c][1,2,5]thiadiazol-4-yl)phenyl)acrylamide. 
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Figure 6.18: 13C NMR spectrum (DMSO-d6, 126 MHz): N-(4-(7-phenylbenzo[c][1,2,5]thiadiazol-4-yl)phenyl)acrylamide. 
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Synthesis of Linear-PDMAA-BTPh2 

N,N-Dimethylacrylamide (0.2 g, 2.0 mmol), N-(4-(7-phenylbenzo[c][1,2,5]thiadiazol-4-yl)phenyl) 

acrylamide (14.4 mg, 40 µmol), were dissolved in 1.5 mL DMF. AIBN (3.31 mg, 20 µmol) was added and 

the solutions was degassed using argon. The solution was heated at 80 °C overnight. The resulting 

polymer was precipitated in diethyl ether. Mn (14,403 g/mol) D 2.8. 

 

Figure 6.19: GPC analysis of the PDMAA linear photocatalytic polymer. 

 

Figure 6.20: 1H NMR spectrum of the PDMAA linear photocatalytic polymer. 
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6.2.3 Photocatalytic Reactions 

 

Methyl phenyl sulfoxide (Table 5.2, Figure 6.21 Figure 6.22) 
 

 

 

Methyl phenyl sulfide (30 mM) and photocatalytic hydrogel (10 mg, photocatalyst 1.9 mol%, 1.8 µmol 

photocatalyst) were dispersed in 10 mL of water. The mixture was bubbled with O2 under stirring. The 

vial was irradiated with blue LED light (power: 0.16 W cm-2, λ = 460 nm) for 22 h. The sample was 

extracted with DCM, dried over MgSO4 and the conversion was determined by GC-MS. The product 

was purified via column chromatography (PE: EtAc = 1:1)  

 
Figure 6.21: GCMS spectrum of compounds produced through thioanisole oxidation. 

 

 

Figure 6.22: 1H NMR spectrum (CD2Cl2, 300 MHz): phenyl methyl sulfoxide. 
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4-Methoxyphenyl methyl sulfoxide (Table 5.2, Figure 6.23, Figure 6.24) 

 

 

 

4-Methoxy methyl phenyl sulfide (30 mM) and photocatalytic hydrogel (10 mg, photocatalyst 1.9 

mol%, 1.8 µmol photocatalyst) were dispersed in 10 mL of water. The mixture was bubbled with O2 

under stirring. The vial was irradiated with blue LED light (power: 0.16 W cm-2, λ = 460 nm) for 22 h. 

The sample was extracted with DCM, dried over MgSO4 and the conversion was determined by GC-

MS. The product was purified via column chromatography (PE: EtAc = 1:1) 
1H NMR (300 MHz, CD2Cl2) δ 7.57 (d, J = 8.8 Hz, 1H), 7.04 (d, J = 8.8 Hz, 1H), 3.85 (s, 2H), 2.65 (s, 2H). 

 
Figure 6.23: GCMS spectrum of compounds produced through 4-methoxyphenyl methyl sulfide oxidation.  

 

 

Figure 6.24: 1H NMR spectrum (CD2Cl2, 300 MHz): 4-methoxyphenyl methyl sulfoxide. 
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4-Chlorophenyl methyl sulfoxide (Table 5.2, Figure 6.25, Figure 6.26) 
 

 

 

4-Chlorophenyl methyl sulfide (30 mM) and photocatalytic hydrogel (10 mg, photocatalyst 1.9 mol%, 

1.8 µmol photocatalyst) were dispersed in 10 mL of water. The mixture was bubbled with O2 under 

stirring. The vial was irradiated with blue LED light (power: 0.16 W cm-2, λ = 460 nm) for 22 h. The 

sample was extracted with DCM, dried over MgSO4 and the conversion was determined by GC-MS. The 

product was purified via column chromatography (PE: EtAc = 1:1) 
1H NMR (300 MHz, CD2Cl2) δ 7.62 – 7.49 (m, 1H), 2.68 (s, 1H).  

 

Figure 6.25: GCMS spectrum of compounds produced through 4-chlorophenyl methyl sulfide oxidation.  

 

 Figure 6.26: 1H NMR spectrum (CD2Cl2, 300 MHz): 4-chlorophenyl methyl sulfoxide. 
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 4-Methylphenyl methyl sulfoxide (Table 5.2, Figure 6.27, Figure 6.28) 

 

 

4-Methylphenyl methyl sulfide (30 mM) and photocatalytic hydrogel (10 mg, photocatalyst 1.9 mol%, 

1.8 µmol photocatalyst) were dispersed in 10 mL of water. The mixture was bubbled with O2 under 

stirring. The vial was irradiated with blue LED light (power: 0.16 W cm-2, λ = 460 nm) for 22 h. The 

sample was extracted with DCM, dried over MgSO4 and the conversion was determined by GC-MS. The 

product was purified via column chromatography (PE: EtAc = 1:1) 
1H NMR (300 MHz, CD2Cl2) δ 7.52 (d, J = 8.2 Hz, 1H), 7.34 (d, J = 8.0 Hz, 1H), 2.65 (s, 2H), 2.41 (s, 2H). 

 

 
Figure 6.27: GCMS spectrum of compounds produced through 4-methylphenyl methyl sulfide oxidation. 

 

Figure 6.28: 1H NMR spectrum (CD2Cl2, 300 MHz): 4-methlyphenyl methyl sulfoxide.  
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Photoreduction of Chromium Trioxide (Figure 5.28, 5.29) 

To a CrVI+O3 solution of a (25 mg/L, 0.125 mg, 1.25 µmol) in 5 mL water, hydrogel (15 mg, photocatalyst 

1.9 mol%, 2.7 µmol) was added. The solution was degassed by nitrogen bubbling and irradiated with a 

blue LED light (power: 0.16 W cm-2, λ = 460 nm). The CrVI concentration was determined via UV/Vis 

absorbance using a diphenylcarbazide solution in acetone (0.25 wt.%). Therefore, 0.5 mL of the CrVI+O3 

solution was centrifuged and added to 5 mL of 0.2 M H2SO4. Diphenylcarbazide (0.1 mL) was added 

and stirred for 2 min and monitored through UV/Vis spectroscopy.  

Two blank measurements were performed under the same conditions. One in the absence of the 

photocatalytic hydrogel and one in the absence of light. 

 

Figure 6.29: Photoreduction of CrVI to CrIII using photocatalytic hydrogel under blue light irradiation (power: 0.16 W 
cm-2, λ = 460 nm).  Absorbance peak at 542 nm by complexation with diphenylcarbazide.   

  

  

 

400 450 500 550 600 650 700

0,0

0,2

0,4

0,6

0,8

1,0

A
b
s
o
rb

a
n
c
e
 [
a
.u

.]

Wavelength [nm]

 0 min.

 15 min.

 30 min.

 45 min.

 60 min.

400 450 500 550 600 650 700

0,0

0,2

0,4

0,6

0,8

1,0

A
b
s
o
rb

a
n
c
e
 [
a
.u

.]

Wavelength [nm]

 0 min.

 15 min.

 30 min.

 45 min.

 60 min.

400 450 500 550 600 650 700

0,0

0,2

0,4

0,6

0,8

1,0

A
b
s
o
rb

a
n
c
e
 [
a
.u

.]

Wavelength [nm]

 0 min.

 15 min.

 30 min.

 45 min.

 60 min.



125 
 

Chromium Blank Measurement 

 

No light No photocatalyst 

  
Figure 6.30: Chromium degradation performed under standard conditions in the absence of light or photocatalyst. 
(power: 0.16 W cm-2, λ = 460 nm). Absorbance peak at 540 nm by complexation with diphenylcarbazide.  

 

 

Photoreduction of Chromium Trioxide Recycle Experiment 

To a CrVI+O3 solution of (25 mg/L, 0.125 mg; 1.25 µmol) in 5 mL water hydrogel (15 mg photocatalyst 

1.9 mol%, 2.7 µmol) was added. The solution was degassed by nitrogen bubbling and irradiated with a 

blue LED light (power: 0.16 W cm-2, λ = 460 nm) for 2 h. The CrVI concentration was determined after 2 

h as mentioned above. New CrVI+O3 solution was added and the experiment repeated for 5 cycles. 

 

 
Figure 6.31: Recycling photoreduction of CrVI to CrIII using photocatalytic hydrogel under blue light irradiation (power: 
0.16 W cm-2, λ = 460 nm). Absorbance peak at 540 nm by complexation with diphenylcarbazide.  
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Rhodamine B Degradation (Figure 5.26) 

To a rhodamine B solution (100 mg/L) in 4 mL water hydrogel (29 mg, photocatalyst 1.9 mol%, 5.2 

µmol) was added. The vial was irradiated with blue LED light (power: 0.16 W cm-2, λ = 460 nm) under 

stirring. UV/Vis samples were taken periodically to track the degradation rates of the dye. 

 

Scavenger test (Figure 5.27) 

Methyl phenyl sulfide (30 mM), scavenger (45 mM) and photocatalytic hydrogel (10 mg, photocatalyst 

1.9 mol%, 1.8 µmol photocatalyst) were dispersed in 10 mL of water. The mixture was bubbled with 

O2 under stirring. The vial was irradiated with blue LED light (power: 0.16 W cm-2, λ = 460 nm) for 22 

h. The sample was extracted with DCM and dried over MgSO4. Products and conversion were 

determined by GC-MS. 

 

Photodegradation N-(phosphonomethyl)glycine  (Figure 6.32, 6.34-6.36) 

To D2O (5 mL), N-(phosphonomethyl)glycine (12.5 mg; 74 µmol), NaOH (400 µL, 2M) as well as hydrogel 

(25 mg, 1.9 mol% photocatalyst 4.5 µmol) or linear-PDMAA-BTPh2 (25 mg) were added. The mixture 

was bubbled with O2 under stirring for 5 min. The vial was then irradiated with blue LED light (power: 

0.16 W cm-2, λ = 460 nm) under oxygen atmosphere. The sample was centrifuged and analyzed via 31P-

NMR spectroscopy. Blank measurements were performed under the same conditions in the absence 

of photocatalyst or light. 

 

Large Scale Photodegradation N-(phosphonomethyl)glycine (Figure 6.33) 

To H2O (500 mL), N-(phosphonomethyl)glycine (1 g, 5.9 mmol), NaOH (40 mL, 2M) as well as hydrogel 

(2.5 g, 1.9 mol% photocatalyst 450 µmol) were added. The mixture was bubbled with O2 under stirring 

for 30 min. The flask was then irradiated with blue LED lights (power: 0.16 W cm-2, λ = 460 nm) under 

oxygen atmosphere. Samples were taken every five hours and freeze-dried. The residue was taken up 

in 1 mL D2O centrifuged and analyzed via 31P-NMR spectroscopy. 
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Glyphosate Kinetic Measurement  

 

 

Figure 6.32: 31P NMR spectra (D2O, 300 MHz): stacked kinetic measurement of photodegradation of glyphosate. 

 

Figure 6.33: 31P NMR spectra (D2O, 300 MHz): stacked kinetic measurement of large scale photodegradation of 
glyphosate. 
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Glyphosate Blank Measurement 

 
Figure 6.34: 31P NMR spectra (D2O, 300 MHz): stacked blank measurement of glyphosate without photocatalyst. 

 

Figure 6.35: 31P NMR spectra (D2O, 300 MHz): stacked blank measurement of glyphosate without light. 

 

Glyphosate comparison of linear polymer and gel network  

 

Figure 6.36: 31P NMR spectra (D2O, 300 MHz): stacked glyphosate degradation with linear polymer photocatalyst.   
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 Reactivity Tuning of Metal-Free Artificial Photoenzyme through Binding 

Sites Specific Bioconjugation 

 

6.3.1 General Information and Characterization:  

 

All chemicals were purchased from commercial sources and used without further purification.  

Analysis of proteins and modified proteins was performed via LC-MS(ES+) on a Waters Acquity I-Class 

UPLC coupled to a Waters Synapt G2 HDMS, and the results were analyzed via MassLynx V. 4.0. Yield 

for incorporation of N-(4-(7-phenyl benzo[c][1,2,5]thiadiazol-4-yl)phenyl)acrylamide was calculated by 

mass peak count ratio (±1 Da). UV/Vis absorbance spectroscopy was measured on a Cary 50 

UV−Vis/NIR spectrometer, and fluorescence emission was measured on a RF-6000 – Shimadzu using 

LabSolutions RF. 1H and 13C-NMR spectra were measured using a Bruker Pro 500 operating at 500 MHz 

or 126 MHz, respectively, and analyzed via MestReNova. Gas chromatography was performed on a 

Shimadzu GC-2010 plus gas chromatograph and analyzed with a QP2010 ultra mass spectrometer, 

using a ZB-5MS column with helium as carrier gas. Integration of starting material and product peak is 

used to determine the conversion ratio while using anisole as a reference. Chiral HPLC was measured 

on an Agilent Series 1200 using a Daicel Chiralpak IE 250mm/4.6mm/5μm column in THF/n-hexane 

20/80. Mass spectroscopy was measured on an Advion Expression LCMS using (APCI) and was analyzed 

using Advion data express. DFT calculations were performed using Gaussian 16. The DFTs for the 

HOMO/LUMO levels were calculated for optimization of the local minimum using method rb3lyp/6-

31+g(d) the triplet state energy was calculated for optimization of the local minimum using method  

b3lyp/6-31+g(d). Frontier molecular orbital pictures were produced using Avogadro. Electron 

Paramagnetic Resonance spectroscopy was performed on a Magnettech Miniscope MS200 

spectrometer at room temperature, microwave frequency: 9.391 GHz, scan time: 60 seconds. 

Photocatalytic reactions were performed using 24V super bright LED tape, blue 460-465 nm, 18W, 

from Ultra LEDs. All graphs and figures were created using OriginPro 2019b. Chemical structures were 

drawn in ChemDraw 20.1. 
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6.3.2 Synthesis Methods 

 

Synthesis:  

4-phenyl-7-(4-vinylphenyl)benzo[c][1,2,5]thiadiazole (Table 5.3 Entry 1) and N-(4-(7-

phenyl benzo[c][1,2,5]thiadiazol-4-yl)phenyl)acryl amide (Table 5.3 Entry 2) were performed and 

purified after previously published procedures.203,208 

 

 

Figure 6.37: Synthesis method of 2-iodo-N-(4-(7-phenylbenzo[c][1,2,5]thiadiazol-4-yl)phenyl)acetamide. 

 
Synthesis of 2-iodo-N-(4-(7-phenylbenzo[c][1,2,5]thiadiazol-4-yl) phenyl)acetamide: 

 Phenylboronic acid (553 mg, 4.54 mmol, 1.00 eq.), 4,7-dibromobenzo[c][1,2,5]thiadiazole (2 g, 6.80 

mmol, 1.50 eq.), Pd(PPh3)4 (157 mg, 136 µmol, 0.03 eq.), Na2CO3 (1.7g, 15.96 mmol) were added to a 

Schlenk tube and evacuated. Toluene (18 mL), ethanol (8 mL), and water (8 mL) were degassed via 

nitrogen bubbling for 20 min. The Schlenk tube was filled with nitrogen, the solvents were added, and 

the solution was vigorously stirred (90 °C, 24 h). After reaching room temperature, the solution was 

extracted with dichloromethane, and the combined organic phases were washed with brine and dried 

over anhydrous MgSO4. Concentrated, and the catalyst was removed over silica column 

chromatography (PE/DCM gradient 4:1→0:1).  

 Step 2: The crude product from step 1 (330 mg), 4-(4,4,5,5-tetramethyl-1 ,3,2-dioxaborolan-2-

yl)aniline (270 mg, 1.29 mmol, 1.10 eq.), Pd(PPh3)4 (99 mg, 85.9 µmol, 0.05 eq.), Na2CO3 (0.63 g, 5.95 

mmol) were transferred into a Schlenk tube and evacuated. 1,4-Dioxane (7.5 mL) and H2O (3 mL) were 

degassed using nitrogen over 20 min. The Schlenk tube was backfilled with nitrogen, and the solvents 

were added. The solution was stirred at 100 °C overnight. The resulting mixture was extracted with 

dichloromethane, and the combined organic phases were washed with brine (50 mL), dried over 

anhydrous MgSO4, and concentrated using a rotary evaporator. The crude product was then purified 

by column chromatography on silica gel (PE/DCM gradient 2:1 → 0:1). The column was further 

pretreated with DCM / 5 vol.% TEA). The product was yielded as red crystals. (191 mg, 0.63 mmol, 56% 

yield) In good reference to previous reported results.208 
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1H NMR (300 MHz, CD2Cl2) δ 8.02 – 7.92 (m, 2H), 7.84 (d, 2H), 7.75 (q, 2H), 7.53 (t, 2H), 7.44 (t, 1H), 

6.84 (d, 2H), 3.95 (s, 2H).  

Step 3: To a dried Schlenk tube 4-(7-phenyl-benzo[c][1,2,5]thiadiazol-4-yl)aniline (100 mg, 330 

µmol, 1.00 eq.), triethylamine (69 µL, 494 µmol, 1.5 eq.) and dry THF (2 mL) were added. The solution 

was stirred at room temperature for 10 min before being cooled to 0 °C. A stock solution of 

chloroacetyl chloride (39.5 µL, 494 µmol, 1.50 eq.) in dry THF (2 mL) was prepared and slowly added 

over time. The solution slowly changed color from red to yellow/brown. The solution was stirred at 

room temperature overnight and was then quenched with water and extracted with DCM. The 

combined organic fractions were washed with water and dried over MgSO4. The solvent was 

evaporated, and the product was washed with n-Hexane and used without further purification. 

 Step 4: The starting materials 2-chloro-N-(4-(7-phenylbenzo[c][1,2,5]thiadiazol-4-

yl)phenyl)acetamide (113 mg, 297 µmol) and KI (74 mg, 446 µmol) were transferred into a flame dried 

flask and dispersed in dry benzene. The solution was then freeze-dried. Around 80 mL of dry acetone 

were added, and the flask was refluxed overnight. The solvent was evaporated, and the solid was taken 

up in DCM and washed with water. The water phase was extracted with DCM and the organic phases 

were combined. The solvent was evaporated, and the product was washed with n-hexane. Yielding the 

product as an orange powder (65 mg, 138 µmol = 41% yield over two steps) 
1H NMR (500 MHz, DMSO) δ 10.52 (s, 1H), 8.07 – 7.98 (m, 4H), 7.94 (s, 2H), 7.80 – 7.71 (m, 2H), 7.60 – 

7.52 (m, 2H), 7.51 – 7.44 (m, 1H), 3.89 (s, 2H). 
13C NMR (126 MHz, DMSO) δ 167, 153, 153, 139, 137, 132, 132, 130, 129, 129, 128, 128, 128, 119, 2. 

MS m/z: 268.9, 301.0, 304.0, 345.0, 346.1, 347.0 471.9 [M+H]+, 473.7, 475.7 

 

 

Figure 6.38: Mass spectrum of 2-iodo-N-(4-(7-phenylbenzo[c][1,2,5]thiadiazol-4-yl)phenyl)acetamide. 
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Figure 6.39 1H NMR spectrum (500 MHz, DMSO) of 2-iodo-N-(4-(7-phenylbenzo[c][1,2,5]thiadiazol-4-
yl)phenyl)acetamide. 

 
 Figure 6.40: 13C NMR spectrum (126 MHz, DMSO) of 2-iodo-N-(4-(7-phenylbenzo[c][1,2,5]thiadiazol-4-
yl)phenyl)acetamide. 
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Protein Purification and Expression:  

The mutagenesis, expression, and purification of the protein variants were carried out as previously 

reported.386,387,391 

 

General Method for Bioconjugation:  

All protein variants were modified after the same procedure. Purified protein was defrosted and taken 

up in HEPES buffer (50 mM HEPES, 50 mM NaCl, 8.5 pH) to a concentration of 100 µM. 10 equivalents 

of 2-iodo-N-(4-(7-phenylbenzo[c][1,2,5]thiadiazol-4-yl)phenyl)acetamide (stock solution: 10 mM in 

DMF) were added. The solution was incubated in a thermoshaker (20 °C, 1 h, 300 rpm). The Eppendorf 

was then centrifuged (12k, rt, 5 min.) twice and each time the precipitate was discarded. The 

supernatant was filtered, centrifuged again and then purified over a PD-10 desalting column (MES 

buffer 20 mM, 50 mM NaCl, 6 pH). If the solution volume exceeded the recommended volume of the 

desalting column, a centrifugation filter (10 kDa cut-off, Amicon) was used to concentrate the solution 

and diluted again afterward. The final concentration was determined via a Bradford assay.399 

 

Example Conditions for Attempted Thiol-ene Conjugation of Vinyl Photocatalyst 1:  

To SCP-2L V83C (100 µM, 100 µL) in PBS or MES buffer was added photocatalyst 1 (10 µL of 1 mM stock 

in DMF) in a clear PCR tube. The reaction was irradiated with light (254, 365, or 460 nm) for 1-8 h at 

room temperature. The results were analyzed by SDS page gel and LCMS showing no protein 

conjugation.  

VA-044 activation: To SCP-2L V83C (100 µM, 100 µL) in PBS or MES buffer was added photocatalyst 1 

(10 µL of 1 mM stock in DMF) in a PCR tube. VA-044 (1 µL; 10 mM solution in H2O) was added, and the 

solution was heated at 40 °C in a heat block for 24 h. The results were analyzed by SDS page gel and 

LCMS, showing no protein conjugation. 
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Characterization of the Unmodified Protein 

 

  

  

  
Figure 6.41: Mass spectra of purified SCP-2L V83C, Q111C and A100C before bioconjugation. Raw mass spectrum (left) 
and the deconvoluted mass-spectrum (right) obtained by LC-MS (ES+).  
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Characterization of the Modified Protein 

 

  

  

  
Figure 6.42: Mass spectra of SCP-2L variants V83C-2, Q111C-2 and A100C-2 after bioconjugation with acrylamide 
functionalized photocatalytic moiety. Raw mass spectrum (left) and the deconvoluted mass-spectrum (right) obtained 
by LC-MS (ES+). 
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Figure 6.43: Mass spectra of SCP-2L variants V83C-3, Q111C-3 and A100C-3 after bioconjugation with iodoacetamide 
functionalized photocatalytic moiety. Raw mass spectrum (left) and the deconvoluted mass-spectrum (right) obtained 
by LC-MS (ES+).  
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Table 6.1: Calculated and observed masses of SCP-2L A100C, Q111C, V83C before and after bioconjugation. 

Entry SCP-2L Photocatalyst Theoretical Mass [Da] Observed Mass [Da] 

1 A100C - 13404.66 13405 

2 Q111C - 13347.61 13349 

3 V83C - 13376.61 13377 

4 A100C-2 

 

13761.75 13405+13762 

5 Q111C-2 

 

13704.70 13348+13706 

6 V83C-2 

 

13733.70 13734 

7 A100C-3 

 

13747.74 13748 

8 Q111C-3 

 

13690.69 13691 

9 V83C-3 

 

13719.69 13720 
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SDS-Page 

 

  
Figure 6.44 SDS-page (Nupage™ 4-12% Bis-Tris gel) of standard purification method and all 3 variants before and after 
bioconjugation b) SDS-page under UV/Vis lamp irradiated at 388 nm; Ladder: Prestained Protein Ladder – Broad 
molecular weight (10-245 kDa) ab116028. 

1: Protein ladder 8: Pure Q111C 

2: Purification of V83C: Pre purification 9: Pure Q111C-3  

3: Purification of V83C: Flow through  10: Pure V83C 

4: Purification of V83C: HIS-Tag cleavage 11: Pure V83C-3  

5: Purification of V83C: Purified V83c A100C-3: irradiated at 388 nm 

6: Pure A100C Q111C-3: irradiated at 388 nm 

7: Pure A100C-3   V83C-3: irradiated at 388 nm 
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6.3.3 Photocatalytic Reaction  

 

Methyl phenyl sulfoxide: 
 

 
 

Modified SCP-2L protein (10 nmol) in MES buffer (20 mM MES, 50 mM NaCl, 1 mL) at pH 6 is added to 

a glass vial. The organic sulfide was dissolved in acetonitrile (100 mM), and 20 µL (2 µmol) were added 

to the vial. The vial was capped and placed in the photoreactor. The samples were irradiated with blue 

LED light (460-465 nm, 18 W) for a set time period. After irradiation, the solution was extracted three 

times with DCM, dried over MgSO4 and analyzed via GC/MS. 

Photostability Test: 

 
 

Modified SCP-2L protein (20 nmol) in MES buffer (20 mM MES, 50 mM NaCl, 2 mL) at pH 6 is added to 

a glass vial and irradiated with blue light for up to 24 h under room temperature. The samples are 

filtered and 1 mL (SCP-2L 10 nmol) is used for photocatalytic testing. The organic sulfide was dissolved 

in acetonitrile (100 mM) and 20 µL (2 µmol) are added to the vial. The vial was capped and placed in 

the photoreactor. The samples were irradiated for 8 h under blue light, extracted three times with 

DCM dried over MgSO4, and analyzed via GC/MS. 
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Figure 6.45: a) GC-MS temperature curve; column temp. 50 °C, heating rate 50 °C/min, inject. temp. 310 °C b) measured 
retention times of anisole, thioanisole and methyl phenyl sulfoxide. GC-MS ion source 250 °C, interface temp. 310 °C; 
measured mass spectra for thioanisole and methyl phenyl sulfoxide.  
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Figure 6.46: Blank measurements; Conditions: thioanisole 2 mM, MES buffer (MES 20 mM, 50 mM NaCl, 2% ACN) pH 6, 
blue light irradiation (460nm) at room temperature (up); Unmodified V83C 10 µM, thioanisole 2 mM, MES buffer (MES 20 
mM, 50 mM NaCl, 2% ACN) pH 6, blue light irradiation (460-465 nm) at room temperature (down); anisole as reference. 
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Chiral HPLC Data  

 

 

 

 

 

 

Figure 6.47: Chiral HPLC measurement of methyl phenyl sulfoxide separating both stereoisomers.  
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 Summary and Outlook  
 

In this thesis, metal-free benzothiadiazole-based photocatalysts were incorporated into various 

support materials to combine beneficial material properties with photocatalytic prowess. Creating new 

photocatalytic material and analyzing the effect of the support on the photocatalyst. 

In the initial project, a vinyl-functionalized benzothiadiazole was copolymerized with three monomers: 

styrene, methyl methacrylate, and acrylonitrile. The project aimed to analyze the effect of different 

commoners on the efficiency of the photocatalytic moiety. Therefore, the photophysical properties 

and photocatalytic capabilities were analyzed. It was observed that the chosen comonomer affects the 

optical properties, including UV/Vis-absorbance, fluorescence lifetime, and quantum yield. Three 

reactions, including C-C couplings and hydroxylation of boronic acid, were performed to investigate 

the effect on the photocatalytic efficiency. Again, changes in the efficiency could be observed 

depending on the chosen copolymer, indicating that the comonomers have a more significant effect 

than expected.   

In the second project, an acrylamide functionalized photocatalyst was copolymerized with 

N,N‐dimethylacrylamide, and N,N′-methylenebis(acrylamide), creating a high transmittance hydrogel 

that readily swelled in water. The hydrogel allows for easy substrate diffusion and substrate-

photocatalyst interaction, while the high transmittance value enables light penetration into the 

support material. The material was intended for application in wastewater purification, and four 

photocatalytic reactions were performed for pollutant remediation, including the reduction of toxic 

chromium (VI) and the photodegradation of glyphosate, a known herbicide. The benefits of the 

transmittance hydrogel were proven by performing a scaled-up 1 g photodegradation. 

Lastly, in cooperation with the group of Amanda Jarvis at the University of Edinburgh, artificial 

photoenzymes were created. An iodoacetamide functionalized photocatalytic moiety was 

bioconjugated with three steroid carrier protein (SCP-2L) variants possessing non-native cysteine 

residues. The created artificial photoenzymes were used for the photocatalytic oxidation of an organic 

sulfide compound. The effect of photocatalytic moiety positioning within the protein scaffold was 

analyzed via fluorescence and kinetic measurements. Highlighting a significant difference in the 

performance of the artificial photoenzyme depending on the position. Further EPR measurements and 

long-term stability tests were performed, proofing the longevity of the artificial photoenzyme. The 

project is another step towards analyzing and profiting from the beneficial merging of protein scaffolds 

with photocatalysis. 

In conclusion, in this thesis, single photocatalytic moieties based on π-extended benzothiadiazole were 

functionalized and incorporated into different macromolecular structures to investigate possible 

beneficial synergies and analyze the effect of the support. As a result, these materials highlight a 

promising alternative to conventional homogeneous or heterogeneous photocatalysts by combining 

advantageous material properties with the photocatalyst's capabilities.  
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